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Abstract 
 
Grains represent a major group of commodities that are important food sources for most 
of the world’s population. Asian noodles are gaining popularity worldwide and 
representing a major end use of wheat globally. Although research has developed the 
understanding of processing of noodles there is a need to better understand the potential 
contribution of these to health and wellbeing. Particular areas that have not been studied 
include vitamin E and selenium (Se), both essential nutrients with antioxidant properties 
and known to occur in multiple molecular forms. 
 
Accordingly, the aim of this project has been to investigate the analysis, forms as well 
as stability of vitamin E and selenium in wheat flours and Asian noodles. Suitable 
extraction and analysis procedures were investigated and developed for the various 
chemical species of Se and also for the eight vitamer forms of vitamin E. This involved 
adaptation and optimisation of advanced instrumental methods for the particular 
samples being studied. The resultant procedures were then applied to samples of 
noodles prepared in the laboratory and the objective was to evaluate the stability of 
these micronutrients during noodle processing.  
 
In the analysis of Se in cereal foods, both total Se and speciation analyses were studied. 
For total Se, extraction procedures by microwave-assisted digestion and quantitation by 
inductively coupled plasma mass spectrometry (ICP-MS) have been evaluated. For the 
determination of Se species, the use of high performance liquid chromatography 
(HPLC) coupled with ICP-MS provided reliable and sensitive analyses. Enzymatic 
approaches were found to be suitable for extraction of the species of Se and for the E 
vitamers, accelerated solvent extraction was utilised in conjunction with 
chromatographic separation on a variant of HPLC known as UPLC (ultra performance 
liquid chromatography). 
 
Wheat flour biofortified with Se contained a high level of total Se with more than 
eleven-fold higher contents than the unfortified flours. Selenomethionine was identified 
as the predominant form of Se in both the unfortified and biofortied wheat flours with 
smaller quantities of selenocystine and relatively minor traces of other species in some 
Abstract  
vii 
flours. Comprehensive analyses of the Se species in samples of each form of noodles 
showed that the organic forms of Se are relatively stable during each of the processing 
stages of the noodles.. The E vitamers were less well retained during processing of 
white salted and yellow alkaline with the retention being higher in the latter indicating a 
previously unreported effect of pH. Different patterns of loss were observed for 
different vitamers. In contrast, there was considerable uptake of vitamin E compounds 
during deep frying of instant noodles.  
 
In conclusion, reliable enhanced procedures have been developed for quantitation of the 
individual species of Se as well as the E vitamers. These have been applied to wheat 
flour and Asian noodles showing that these are significant contributors of bioavailable 
dietary Se and vitamin E for health and wellbeing, although the retention of the various 
components vary. 
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Explanatory notes  
 
The purpose of these notes is to briefly describe the approaches adopted during the 
preparation of this thesis. They relate to the calculation and expression of selenium and 
vitamin E data, spelling, as well as the referencing of literature sources: 
 
1. Where alternative spellings are in common use the British rather than the American 
approach has been adopted in the text. Examples include words ending with –ise 
(rather than –ize) and some technical terms. 
 
2. In the citation and listing of references and information sources, the 
recommendations of the American Psychological Association (APA) have been 
used. This was specifically chosen as it is the required format used by the leading 
international journal in our field, Food Chemistry, published by Elsevier. 
 
3. Typically, the various data for contents relating to selenium and vitamin E were 
expressed on a dry weight basis unless otherwise specified. This was done to ensure 
that a direct comparison could be performed between results obtained at different 
stages of processing for Asian noodles. In the course of the study it was found that 
a similar adjustment was required for instant noodles and so a similar approach has 
been used so that for this product data is generally also expressed on a “fat-free” 
basis. 
 
4. In this thesis various terms have been used in relation to vitamin E and the 
calculation of data for the various forms. Firstly the term tocochromanols (and even 
the abbreviated form tocols) is used in the literature interchangeably with vitamin E 
to describe any molecule having the biological activity of this vitamin. Vitamer is 
used to designate the various molecular forms of a particular vitamin, with each 
having a chemically distinct structure. There are eight E vitamers, four of which are 
tocopherols and the other four are the tocotrienols. These are described more fully 
in Chapter 3. 
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5. For the presentation of the results for vitamin E analyses, the terms total E vitamers 
(TEV) and α-tocopherol equivalent (α-TE) were both used. TEV was calculated as 
the sum of each of the individual vitamers measured. It describes the sum of all 
tocopherols and tocotrienols found. In contrast α-TE represents vitamin E activity 
and is calculated by applying a factor for each vitamer and which takes into account 
the effectiveness with which it is utilised, in comparison with α-tocopherol. α-TE 
values are often used by nutritionists and particularly in relation to developing 
adequate intake recommendations, and the calculation is described more fully in the 
Materials and Methods Chapter (Section 6.8.6). 
 
Chapter 1 
 
 1
Chapter 1 
 
Introduction 
 
 
 
The purpose of this chapter is to provide a very brief overview of the research program 
described in this thesis on the stability of the various forms of selenium and vitamin E 
during processing of Asian noodles. The project has been developed on the basis of a 
series of significant challenges. It is noted that each of these have been reviewed in 
considerable detail in the subsequent chapters of this thesis (Chapters 2-4) and these 
reviews are comprehensively referenced there. The key issues considered were: 
 
 Selenium and vitamin E are essential to human health; 
 There is considerable scientific evidence that selenium is deficient in the diets of 
many individuals even in developed countries including Australia. It is likely that 
many more people are adversely affected in developing countries; 
 Various vitamins are known to have varying stabilities and can be lost during 
processing of foods due to sensitivity to light, heat, oxidation, as well as different 
conditions of pH.  
 It is also known that many of the vitamins as well as selenium occur naturally in a 
number of chemically distinct molecular forms. However, there is currently 
relatively little published research on the stability and retention of selenium species 
and the various vitamer forms of vitamin E 
 Cereal based foods generally represent a major dietary source of both selenium and 
vitamin E; 
 Asian styles of noodles represent a major end use of wheat with almost one third of 
total world wheat production used for these products. A number of distinct styles of 
noodles are popular in Asia and these include the traditional yellow alkaline, white 
salted and instant noodle products; 
 Currently, there is very little compositional data available internationally on Asian 
noodles. In addition, it is now well-documented that the retention of some water-
soluble vitamins is low during processing and preparation of Asian noodles; 
Chapter 1 
 
 2
 However, here is virtually no published research into the stability of selenium 
species and the E group vitamers or the influence of formulation and process 
variables on these important micronutrients. 
 
Accordingly, this research proposal is based upon the hypothesis that for at least some 
styles of Asian noodles, considerable losses of particular selenium species and E goup 
vitamers may occur as a result of differences in formulation and the specific processes 
applied during manufacture and storage. 
 
This project therefore seeks to study the analysis of the various selenium species and 
individual forms of vitamin E in Asian noodles. Following validation, these analyses 
will be applied to investigate the influence of formulation and processing on retention 
during the processing of the three primary forms of Asian wheaten noodles. 
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Chapter 2 
 
Background and literature review:   the significance, sources, 
bioavailability, stability and analysis of selenium 
 
 
 
The purpose of this chapter is to provide background and review the relevant scientific 
literature on selenium. The areas covered are the chemical structures of selenium 
compounds, their nutritional significance, deficiency symptoms and the adequacy of 
dietary intakes. In addition, the stability and methods available for total and speciation 
of selenium are reviewed. 
 
2.1 Selenium as an essential trace element 
 
Selenium was discovered by a Swedish chemist Jons Jacob Berzelius in 1817 when he 
analysed a red deposit on the wall of lead chambers used in the production of sulfuric 
acid (Barceloux, 1999; Tinggi, 2003; Wei, Ho & Huang, 2009). It became popular in 
the medical field in 1911 when injection of a certain Se compound into the bloodstream 
of tumour-bearing mice resulted in necrosis and disappearance of Ehrlich carcinoma 
and sarcoma (Schrauzer & Surai, 2009). This initial excitement was soon ended after 
the publication of paper in 1912 by Delbet, describing the deaths of patients after 
receiving a lethal overdose of sodium selenite. Se was feared even more when its 
presence at high levels in forage crops was shown to cause the deaths of thousands of 
sheep and cattle. 
 
The first indication of Se as an essential trace element was reported in 1957 by Schwarz 
and Foltz (Barceloux, 1999; Pedrero & Madrid, 2009; Tinggi, 2003). That report 
showed how Se prevented liver necrosis in rats under vitamin E deficiency and since 
then, interest in Se research had increased considerably, particularly in the livestock 
industry. In the 1960s and 1970s, Se was reported to have anticarcinogenic properties, 
prevention of heart disease and muscle disorders, as well as a role in male fertility 
(Pedrero & Madrid, 2009). Se was found to be an important component of glutathione 
peroxidase in 1973, a key enzyme that protects polyunsaturated membrane lipids from 
oxidative degradation (Combs, 2001; Navarro-Alarcon & Cabrera-Vique, 2008; 
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Rayman, 2012). This had led to the study of molecular biology of Se, and later in the 
1980s and 1990s, Se was found to have a role in immune function, viral suppression, 
delaying aging process and further confirmed as a chemopreventative agent in cancer 
(Carvalho, Gallardo-Williams, Benson & Martin, 2003; Pedrero & Madrid, 2009; 
Rayman, 2000).  
 
2.2 The chemistry of selenium 
 
The essential and toxic nature of Se depend on both the concentration and chemical 
forms in which this element is present in the sample. The chemical and physical 
properties, as well as the chemical forms of Se are now summarised.  
 
Se is classified as a metalloid that belongs to Group VIA and Period 4 of the periodic 
table (Mishra, Priyadarsini & Mohan, 2006; Tinggi, 2003). It lies between sulphur and 
tellurium and shares similar chemical properties especially with sulphur and, to a lesser 
extent, with tellurium. Se has an atomic number of 34 and atomic mass of 78.96. The 
electron configuration of Se is 1s2 2s2p6 3s2p6d10 4s2p4. The following are the six stable 
isotopes of Se and their approximate abundance: 74Se (0.87%), 76Se (9.02%), 77Se 
(7.58%), 78Se (23.52%), 80Se (49.82%) and 82Se (9.19%) (B’Hymer & Caruso, 2006).   
 
There are four natural oxidation states of Se: elemental Se (0), selenide (-2), selenite 
(+4) and selenate (+6) (Barceloux, 1999; Cobo, Palacios & Camara, 1994; Mishra et al., 
2006; Tolu, Le Hecho, Bueno, Thiry & Potin-Gautier, 2011). When in contact with 
water, selenium dioxide (+4) forms the weak acid, selenious acid, and selenium trioxide 
(+6) produces selenic acid, which is a stronger acid (Barceloux, 1999). Selenate is the 
most stable oxidised form of selenium in alkaline and in oxidising solutions (Barceloux, 
1999).  
 
Elemental Se is stable and insoluble in water (Barceloux, 1999; Tolu et al., 2011). It 
appears in three allotropic forms, including deep red crystals, red amorphous powder 
and black vitreous. Selenites and selenates are soluble in water and therefore have 
greater bioavailability in comparison to selenides or elemental selenium (Barceloux, 
1999).  
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2.3 Chemical forms of selenium 
 
Se binds covalently into multiple compounds including Se salts, Se derivatives of 
sulphur amino acids and methylated derivatives of selenoamino acids (Finley, 2006). 
The chemical form of Se partially determines the metabolism and therefore its 
physiological significance. Se can exist in the environment as either inorganic or 
organic species. 
 
Among those species which are inorganic (Table 2.1) are elemental Se, selenide, 
selenite and selenate ions (Gomez, Gasparic, Palacios & Camara, 1998; Pyrzynska, 
2002). These can be transformed into volatile compounds through the actions of fungi 
and plants. It has been reported that inorganic Se is almost never found in food except in 
cereals, mushrooms and some vegetables exposed to high quantities of selenite or 
selenate (Thiry, Ruttens, De Temmerman, Schneider & Pussemier, 2012).  
 
Organic Se species (Table 2.2) are more frequently found in biological systems. They 
include methylated compounds, selenoamino acids, selenoproteins and their derivatives 
(Dumont, Vanhaecke & Cornelis, 2006; Pyrzynska, 2002; Uden et al., 2004). Amongst 
the most frequently quoted and studied organic Se species are selenocysteine (Se-Cys), 
selenocystine (SeCys2), selenomethionine (SeMet), methylselenocysteine (MeSeCys), 
and γ-glutamyl-Se-methylselenocysteine (γ-glu-SeMeSeCys). 
 
Table 2.1 The common inorganic Se compounds and their structures 
Source: Dumont et al. (2006) 
Name Structural formula 
Selenite 
 
Selenate 
 
 
  
-O Se
O
O-
O
SeO
O-
O-
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Table 2.2 Organic Se compounds and their structural formulae 
Source: Dumont et al. (2006) 
Name Structural formula 
Dimethylselenide 
 
Selenoprotein 
 
Se-containing protein  
 
Selenocysteine 
 
Selenocystine 
 
Selenomethionine 
 
Methylselenocysteine 
 
γ-glutamyl-Se-
methylselenocysteine 
 
 
2.4  Selenium bioavailability 
Se
HNO
SeH
HNO
Se
NH2
SeH
O
HO
HO
NH2
Se
Se
NH2
O
O OH
NH2
Se
O
HO
HN
SeHO
HO
NH2
Se
O
O
NH2
O
O OH
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The term bioavailability is often defined and interpreted differently depending on the 
author. In this review, the term bioaccessibility and bioavailability will be differentiated. 
Bioaccessibility refers to the fraction of the element that is soluble in the intestine and 
therefore available for absorption (Thiry et al., 2012; Moreda-Pineiro et al., 2011). This 
soluble fraction can be measured by in vitro simulation of gastro-intestinal digestion. 
The bioavailable fraction is the absorbed element that reaches the systemic circulation 
and distributed to organs and tissues (Moreda-Pineiro et al., 2011). This is measured by 
Se level in blood and body tissues. 
 
Organic Se forms were found to be more bioavailable than inorganic forms due to their 
more effectiveness in raising blood Se concentration, although all forms were able to 
increase the activity of selenoproteins (Rayman, Infante & Sargent, 2008). The reason 
for this reflects the ability of SeMet to be incorporated in place of methionine into tissue 
proteins (skeletal muscle, erythrocytes and plasma albumin) where it acts as a store of 
Se (Finley, 2007; Pyrzynska, 2002). These will become available for use when there is 
Se depletion in the body (Rayman et al., 2008).  
 
It is believed that Se bioavailability is strongly dependent on the chemical form of Se in 
the food (Ayouni et al., 2006; Moreda-Pineiro et al., 2011). Other factors including total 
protein, fat, presence of heavy metals, fibre components, drugs, and physiological 
factors can influence Se bioavailability (Pedrero & Madrid, 2009). The influence can be 
additive, antagonistic or synergistic. One of the most clearly established of the 
antagonistic relationships is between Se and mercury. Se decreases mercury toxicity 
when they are consumed simultaneously, whereas vitamins E and A have been shown to 
increase Se bioavailability (Navarro-Alarcon & Cabrera-Vique, 2008). 
 
2.5 Species-dependent metabolism of selenium 
 
Different species of Se will follow distinct metabolic pathways and Figure 2.1 provides 
an overview of what is known about the metabolism Se species in the human body. 
Absorption of all forms of dietary Se is relatively high (70-95%) (Finley, 2006; 
Navarro-Alarcon & Cabrera-Vique, 2008; Rayman et al., 2008). Following absorption, 
Se species are translocated towards different organs and tissues and the liver is the 
organ with the highest Se content, followed by the kidneys (Thiry et al., 2012). These 
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are the main synthesis sites for most selenoproteins, including selenoprotein P and 
glutathione peroxidase (Thiry et al., 2012). Other organs or tissues that contain Se are 
spleen, pancreas, blood plasma, erythrocytes, skeleton, muscles and fat (Navarro-
Alarcon & Cabrera-Vique, 2008). 
 
SeMet, SeCys, selenate and selenite enter the selenide pool and are either used for 
selenoprotein synthesis or excreted in the urine as a selenosugar (Fairweather-Tait, 
Collings & Hurst, 2010). SeMet can also be incorporated directly and nonspecifically 
into muscle proteins to form Se-containing proteins (Finley, 2007; Schrauzer & Surai, 
2009). Methylated species including γ-glu-SeMeSeCys follow a separate pathway. They 
are converted to Se-MeSeCys and subsequently into methylselenol by β-lyase, and are 
primarily excreted in breath and urine but may also enter the selenide pool 
(Fairweather-Tait et al., 2010).  
 
Se excretion is known to be regulated by its intake. Methylation and demethylation 
reactions between selenide and methylselenol appear to be a critical step in this process 
(Thiry et al., 2012). When Se intake is poor, excretion is reduced. Se is still supplied to 
priority organs (brain, reproductive organs and endocrine glands) but cellular 
glutathione peroxidase level decreases. When Se intake is high, its excretion is 
increased. The main excretion path for human is through urine as selenosugars (Rayman 
et al., 2008; Navarro-Alarcon & Cabrera-Vique, 2008). In extremely high intake case, 
Se is excreted in methylated forms, either in urine or breath (garlic breath). 
 
2.6 Selenium and human health 
 
There has been an increasing awareness of the importance of Se to human health in the 
last three decades. The nutritional functions of Se are achieved by selenoproteins that 
generally have SeCys at their active centre (Rayman, 2012). There are approximately 35 
selenoproteins that have been identified, although many have roles that have not been 
fully elucidated (Pedrero & Madrid, 2009; Rayman, 2000). Diet is the major source of 
Se intake and the level of Se present in a food reflects that in the soil (Lymbury et al., 
2008).  
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Figure 2.1 Proposed schematic view of Se metabolism in humans 
Source:   Thiry et al., 2012 
Note: Abbreviations used are CH3SeH: methylselenol; (CH3)2Se: 
dimethylselenide; (CH3)3Se+: trimethylselenonium; γ-glut-
methylselenocysteine: gamma glutamine methylselenocysteine; GSH: 
glutathione; H2Se: hydrogen selenide; MeSeCys: methylselenocysteine; 
SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine; SeBet: 
selenobetaine; SeCys: selenocysteine; SeMet: selenomethionine 
 
 
Selenoproteins are proteins that include SeCys (Finley, 2007; Rayman, 2000) and they 
can be categorised into two groups based on the location of SeCys in the selenoprotein 
polypeptide (Pedrero & Madrid, 2009). In the case of group I, Se-Cys is located on the 
N-terminal position and examples of these include glutathione peroxidases, 
selenoprotein P and selenoprotein W. In group II, SeCys is located at the C-terminal 
sequence and an example of this is thioredoxin reductase. A selection of selenoproteins 
with known functions relevant to human health are presented in Table 2.3. 
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Selenoproteins can be synthesised from various Se species with different levels of 
efficiency (Rayman et al., 2008). Selenite can be effectively used for selenoprotein 
synthesis but it cannot be stored in the body for later use (Rayman, 2008). SeMet on the 
other hand, can be stored in body proteins from which it can slowly be released by 
catabolism to supply Se requirements over a longer period (Finley, 2007; Schrauzer & 
Surai, 2009). SeMet is therefore found to be twice as effective as selenite in supporting 
plasma GPx activity. 
 
The presence of low molecular weight selenocompounds has been shown to reduce 
colon cancer risks in mice with genetically impaired selenoprotein expression (Rayman 
et al, 2008). These low molecular weight selenocompounds may be an in vivo source of 
the methylated metabolite, methylselenol, which exhibits potent anti-carcinogenic and 
anti-angiogenic effects (Combs, 2001; Kirby, Lyons & Karkkainen, 2008; Rayman et 
al., 2008; Uden et al., 2004). Methylselenol can be formed directly from SeMeSeCys 
and SeMet.  
 
  
Table 2.3 Examples of selenoproteins with their known health implications 
Source Rayman (2012) 
Selenoprotein Biological function 
Glutathione peroxidases 
(GPx1, GPx2, GPx3, 
GPx4)  
Antioxidant enzymes: remove hydrogen peroxide, and lipid 
and phospholipid hydroperoxides. Protect cells against 
oxidation damage. 
Iodothyronine deiodinases 
(Dio1, Dio2, Dio3) 
Production and regulation of level of active thyroid 
hormone, T3, from thyroxine, T4. 
Selenoprotein P Protect endothelial cells against damage from 
peroxynitrite. 
Selenoprotein W Needed for muscle function. 
Thioredoxin reductases 
(TrxR1, TrxR2, TrxR3) 
Critical for cell viability and proliferation and regulation of 
gene expression. 
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The relationship of the various roles of Se in the human body appears to be complex. 
Some of the Se health effects most discussed in the scientific literature are: 
 High Se status has been associated with low overall mortality (Rayman, 2012) and 
serum Se concentrations of 135µg/L were associated with decreased mortality; 
 Evidence from in vitro and animal studies indicate the importance of Se in 
immunity (Bryszewska et al., 2007; Finley, 2007; Thiry et al., 2012; Tinggi, 
2003); 
 Se is crucial to the brain and evidence from human trials has shown that a lack of 
Se is associated with seizures, loss of coordination, Parkinson’s disease and 
cognitive decline (Rayman, 2012; Thiry et al., 2012).  
 Despite early evidence of a role for Se in mood and quality of life, no evidence has 
been shown in a large randomised, placebo controlled trial in individuals aged 60-
74 years (Rayman, 2012). 
 There is a high concentration of Se in the human thyroid gland and it supports the 
function of iodothyronine deiodinases (Manjusha, Dash & Karunasagar, 2007; 
Rayman, 2012).  
 Se has also been reported to prevent cardiovascular disease due to the roles of 
selenoproteins in preventing oxidative modifications of lipids, inhibition of 
platelet aggregration and reduction in inflammation (Manjusha et al., 2007; 
Rayman, 2012; Thiry et al., 2012).  
 Studies have also shown evidence for beneficial effects of Se on the risk of lung, 
bladder, colorectal, liver, oesophageal, gastric-carida, thyroid and prostate cancers 
(Combs, 2001; Finley, 2007; Rayman, 2012). However, other reports did not show 
significant associations between Se intake with lung (Finley, 2007) or prostate 
cancers. Furthermore, there is an increased risk of squamous-cell carcinoma 
recorded in participants with high Se serum level. Several human studies have 
provided evidence of a U-shaped relationship between intake and protection from 
cancer (Rayman, 2012); and 
 Evidence linking Se to glucose metabolism is conflicting and thus a U-shape 
association between selenoproteins and type-2 diabetes could be the explanation 
(Rayman, 2012). 
  
2.7 Physiological roles of selenium  
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2.8 Selenium in soils and plants 
 
Se found in any food system is typically sourced from soil, as a result of various effects 
including weathering of Se-containing rocks, volcanic activity, dust from coal burning, 
as well as the use of Se-containing fertilisers and waters (B’Hymer & Caruso, 2006; 
Combs, 2001). It exists in soils in various forms including elemental Se, selenides, 
selenites, selenates and organic Se compounds (Stadlober, Saer & Irgolic, 2001; 
Yamada et al., 1998). The amount of Se in plants depends on both the amount and 
availability of Se in soil, and varies geographically (Ferri, Favero & Frasconi, 2007; 
McNaughton & Marks, 2002; Ventura, Stibilj, Freitas & Pacheco, 2009; Wrobel, 
Wrobel & Caruso, 2005). General total Se concentration in soils ranges from 0.1 to 
100µg Se/g (Pyrzynska, 2002). Some countries including Finland, New Zealand, 
Denmark, Russia and regions in China from north east to south central (e.g. Hebei, 
Shanxi, Sichuan, Jilin, Liaoning, and Zhejiang Provinces), are known to have very low 
Se in their soils and consequently, also in their food systems. On the contrary, the Great 
Plains of USA and Canada, Hubei Province and Enshi County of China, parts of 
Ireland, Colombia and Venezuela are seleniferous (Combs, 2001). 
 
Se is cycled and enters food systems by being taken up by plants and microorganisms as 
inorganic Se (Combs, 2001; Dumont et al., 2006). In plants, selenites and selenates in 
soils are reduced into selenides, transformed into SeCys and SeMet, and incorporated 
into plants tissue proteins. SeMet can be further metabolised into volatiles (e.g. 
dimethylselenide, Se-MeSeCys and its γ-glutamyl derivative) (Dumont et al., 2006; 
Finley, 2007). Microorganisms transformed inorganic Se into volatile metabolites, 
alkylselenium species. These volatiles are ultimately brought down with precipitation 
and airborne particulates, and this is an important link in the global cycling of this 
element (Combs, 2001; Pyrzynska, 2002; Winkel, Feldmann & Meharg, 2010).  
 
The availability of soil Se to plants depends on various factors including soil pH, 
temperature, moisture, salinity, redox conditions, competing ionic species (e.g. 
sulphate), mineral and organic matter contents, aeration and microbial activity (Dumont 
et al., 2006; Cubadda et al., 2010). Plants can be classified as either Se-accumulators or 
non-accumulators based on their ability to assimilate and accumulate Se. Non-
accumulators (e.g. cereals, grains, fruits, most vegetables) rarely accumulate more than 
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100µg Se/g dry weight, whereas Se-accumulators (e.g. Brazil nuts, broccoli, garlic, 
onions, leek, Indian mustard) can accumulate up to 40,000µg Se/g dry weight (Liu, 
Chen, Zhao, Gu & Yang, 2011; Navarro-Alarcon & Cabrera-Vique, 2008). 
 
2.9 Roles of selenium in animal health 
 
Se was widely recognised for its toxicity in animals in the 1930s when livestock grazed 
in an area of high Se soil, developed disorders known as “alkali disease” and “blind 
staggers” (Pedrero & Madrid, 2009). “Alkali disease” is a chronic poisoning of horses 
and cattle from continuous consumption of plants containing more 5mg/kg Se but less 
than 50mg/kg Se and typically it causes dystrophic changes in hooves and rough hair 
coat. “Blind staggers” is also a chronic poisoning in animals consuming plants 
containing up to 1000mg/kg Se. This is characterised by weight loss, blindness, ataxia, 
disorientation and respiratory distress (Tinggi, 2003).  
 
The role of Se in reproduction, immunity and performance of animals has been well 
established (Cobanova-Boldizarova, Gresakova, Faix, Petrovic & Leng, 2008). Se is 
essential for the functioning of a number of selenoproteins, including thioredoxin 
reductase and glutathione peroxidase (Finley, 2007). Studies in farm animals have 
shown that Se deficiency causes several metabolic diseases. The consequences of Se-
deficiency include: 
 White muscle disease in ruminants (Cobanova-Boldizarova et al., 2008; Rayman, 
2000; Tinggi, 2003) 
 Decreased production and reproduction performance of poultry (Fisinin, Papazyan & 
Surai, 2008), and exudative diathesis that cause death of poultry within a few days 
(Tinggi, 2003). 
 Reduced performance, hepatic necrosis, ulcers in stomach and esophagus, white 
muscle disease, Mulberry heart disease, impaired reproduction and impaired immune 
response in pigs (Close, Surai & Taylor-Pickard, 2008; Combs, 2001; Tinggi, 200;) 
 Poor reproduction, poor immune status, White muscle disease, increased disease rate 
and poor fertility in cows (Andrieu & Wilde, 2008) 
 
A variety of strategies have been used for combating Se deficiency in farms animals, 
and amongst them are enhancing forage Se level by Se-enriched fertilizers, injection of 
Chapter 2 
 
 14
animals with sodium selenate, the use of Se pellets that slowly release Se in the animal 
gut, Se salt licks and supplementation of feeds with organic Se (Andrieu & Wilde, 2008; 
Tinggi, 2003). 
 
2.10 Selenium status and intake 
 
Differences in geography, agronomic practices, food availability and preferences, result 
in evaluations of Se intakes of human population groups rarely being accurate (Combs, 
2001). Se level and selenoproteins activities in blood plasma have been extensively used 
as biomarkers for assessing Se status in human (Fairweather-Tait et al., 2010; 
McNaughton & Marks, 2002). These biomarkers are directly influenced by diet and 
food intakes, which tend to reflect the level of Se in the soils. Intake of Se in adult 
humans varies between 11 to 5000µg/day globally, with an average of 20 to 300µg/day 
(Dumont et al., 2006). High Se intakes have been reported in Venezuela and some 
regions in China due to their high Se level in soils. On the contrary, European countries 
generally have relatively low Se intakes and Table 2.4 shows the daily intakes of Se for 
selected countries. 
 
2.11 Recommended dietary intakes for selenium  
 
Daily consumption of Se above 1mg/kg of body weight can induce toxicity, meanwhile 
consumption of less than 0.1mg/kg may lead to deficiency (B’Hymer & Caruso, 2006; 
Pedrero & Madrid, 2009). The recommended Se value has evolved in the last 40 years 
reflecting an increased understanding of the beneficial effects of Se. The values were 
50-200µg/day, 55-77µg/day and 55µg/day in 1980, 1989 and 2009 respectively 
(Navarro-Alarcon & Cabrera-Vique, 2008). The most recent recommendation is based 
on the amount needed to maximise synthesis of the selenoprotein glutathione peroxidase 
(Pedrero & Madrid, 2009). The tolerable upper intake level for adult is set at 400µg/day 
based on selenosis (Cox & Bastiaans, 2007; Rayman, 2008). The recommended dietary 
allowance (RDA) depends on country, region, age and gender of the individuals. Values 
for the German and Austrian Nutrition Society and Swiss Nutrition Association (Gosetti 
et al., 2007), range between 30 and 70μg/day and Australian recommended dietary 
intakes for Se are shown in Table 2.5. 
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Country Se (µg/day) Reference(s) 
Australia 57-87 Tinggi, 2003; Rayman, 2008 
Belgium 28-61 Tinggi, 2003; Dumont et al., 2006; Rayman, 2008 
Brazil 60 Dumont et al., 2006 
Canada 98-224 Tinggi, 2003; Rayman, 2008; Combs, 2001 
China   
low Se area 3-11 Dumont et al., 2006; Combs, 2001 
high Se area 3200-6690 Dumont et al., 2006 
Finland   
no fertilizer 25 Tinggi, 2003; Combs, 2001 
after Se fertilizer 67-110 Tinggi, 2003; Combs, 2001 
Germany 35-47 Rayman, 2000;  Dumont et al., 2006; Combs, 2001 
Greece 110 Tinggi, 2003; Combs, 2001 
Hungary 41-90 Tinggi, 2003; Combs, 2001 
Japan 104-127 Tinggi, 2003; Combs, 2001 
New Zealand 19-80 Tinggi, 2003;  Rayman, 2008; Combs, 2001 
Switzerland 70 Rayman, 2008; Combs, 2001 
UK   
England 12-43 Tinggi, 2003; Combs, 2001 
Scotland 30-60 Tinggi, 2003; Combs, 2001 
USA 60-160 Tinggi, 2003; Combs, 2001 
South Dakota 68-444 Tinggi, 2003 
Venezulea 200-350 Tinggi, 2003;  Rayman, 2008; Combs, 2001 
Mexico 61-73 Tinggi, 2003 
Table 2.4. Estimated Se intakes (µg/day) in selected countries 
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Table 2.5 Australian recommended dietary intakes for Se 
Source NHMRC (2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Se content in foods and beverages vary according to the amount of Se available in soils 
where the plants and animal feeds were grown, which also varies from country to 
country as well as from region to region (Combs, 2001; Rayman, 2008). Plants grown 
on high Se soil and animals raised with relatively high Se nutrition yield food products 
with greater Se concentration. Foods from the USA generally have higher Se levels than 
Australian foods, and those from the UK and New Zealand have lower levels (Navarro-
Alarcon & Cabrera-Vique, 2008). Some data reported for the Se content of food items 
in Australia are summarised in Table 2.6. 
 
Typically, the dominant food sources of Se for humans are cereals, meats and fish, 
while dairy products and eggs contribute small amounts to the total intakes in most 
countries (Combs, 2001; Navarro-Alarcon and Cabrera-Vique, 2008). Vegetables and 
Age group RDI values (µg/day) 
Children  
1-3 years 25 
4-8 years 30 
Adolescents   
9-13 years 50 
14-18 years 60-70 
Adults  
Males 70 
Females 60 
Pregnancy 65 
Lactation 75 
2.12 Selenium content in foods and beverages 
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fruits are generally low in Se unless they are Se-accumulator or have been enriched with 
Se (Navarro-Alarcon & Cabrera-Vique, 2008). 
Table 2.6 Selenium levels in selected Australian foods 
Source: Tinggi (2003) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Se intake ranges from evidently deficient to toxic, and their adverse effects can be 
distinguished. Optimal intake however, requires considerations of interaction between 
factors including the nature of Se-species consumed and which function of Se is 
considered.  
 
Deficient intakes 
 
These have been associated with Keshan disease, a cardiomyopathy affecting primarily 
children and women of child-bearing age (Liu, et al., 2011; Rayman, 2000). This 
Product Se (mg/kg) 
Cereal, cereal products 0.01-0.31 
Bread 0.06-0.15 
Rice (white, boiled) 0.05-0.08 
Pasta (spaghetti) 0.01-0.10 
Meat, meat products 0.06-0.34 
Chicken 0.081-0.142 
Pork 0.032-0.198 
Beef 0.042-0.142 
Lamb 0.033-0.260 
Egg (hard boiled) 0.19-0.41 
Milk, dairy products < 0.001-0.11 
Cow’s milk 6.7-47.6µg/L 
Cheese (cheddar) 0.07-0.08 
Vegetables, fruits < 0.001-0.022 
2.13 Health effects of selenium in relation to level of intake 
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disease was noted in regions of China having low soil Se, whereby the grain crops 
contained less than 0.04µg/g Se (Rayman, 2008). Although Keshan disease was Se-
responsive, it is likely to be a co-factor of viral infection of the heart (Rayman, 2000). 
Coxsackie virus is always present in the heart but benign under healthy condition. When 
the Se level is low, oxygen radicals damage the heart cells and consequently the benign 
viruses become virulent. 
 
Kashin-Beck disease, an osteoarthropathy found in rural areas of China, Tibet and 
Siberia, has also associated with severe Se deficiency (Combs, 2001; Liu et al., 2011; 
Rayman, 2008). Similar to Keshan disease, Kashin-Beck disease has also been found to 
be not purely Se deficiency but rather a consequence of oxidative damage to cartilage 
and bone cells associated with decreased antioxidant defence. The results of this disease 
include enlarged joints, shortened fingers and toes, and dwarfism in extreme cases 
(Navarro-Alarcon & Cabrera-Vique, 2008). 
 
Excessive intake 
 
It has been reported that Se toxicity in humans is less extensive than Se deficiency. 
Most of the incidences have involved occupational exposure, accidental consumption of 
a supplement with excessive Se or very high concentrations of Se in food supplies 
(Combs, 2001). Se toxicity depends on the Se species, method of administration, 
exposure time, physiological status and interaction with dietary metals (Navarro-
Alarcon & Cabrera-Vique, 2008). The signs of selenosis include hair loss, skin rash, 
gastrointestinal disturbances, brittle nails and garlic breath (Navarro-Alarcon & 
Cabrera-Vique, 2008; Tinggi, 2003). Exposure to high levels of Se was seen in 
populations in seleniferous areas where the average daily intake was 4.9mg/day Se 
(Rayman, 2008). Selenosis in Enshi County of China was due to the consumption of 
high-Se crops grown on soils derived from coal. Furthermore, the food was also cooked 
over the open flame of this burning coal.  
 
 
The stability of Se species in particular matrices has rarely been reported in the 
literature (Cuderman & Stibilj, 2010). Matrix components liberated during sample 
2.14 The stability of selenium species 
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extraction can react with extracted Se compounds and this appears to cause species 
inter-conversion. Therefore, species stability in the sample is an important issue since 
samples are often exposed to conditions that may cause species inter-conversion and 
most are not analysed immediately after sampling. 
 
Inorganic species 
 
For inorganic selenium species including selenide, selenite and selenate losses depend 
on the pH, ion strength, temperature, container material and ratio of container surface 
area per unit of volume (Gomez-Ariza, Morales, Sanchez-Rodas & Giraldez, 2000). 
However light does not have a significant effect on them. Further information on each 
factor is briefly outlined: 
 
 Acidification of sample extracts is necessary to prevent precipitation, flocculation or 
complexation in natural samples, with selenite being more liable to this than selenate 
(Gomez-Ariza et al., 2000; Quevauviller, Calle-Guntinas, Maier & Camara, 1995). 
Acidification increases selenite stability by inhibiting microbial growth and increases 
ionic strength of the solution, which minimises its adsorption onto container walls 
(Gomez-Ariza et al., 2000).  
 Higher stability was also noted at 4ºC storage in comparison to room temperature 
and 18ºC (Gomez-Ariza et al., 2000; Moreno, Quijano, Gutierrez, Perez-Conde & 
Camara, 2002; Wolf, Morman, Hageman, Hoefen & Plumlee, 2011). There is a 
higher species transformation and loss noted in frozen storage due to coexistence of 
solid and liquid phases during thawing.  
 The order of stability from highest to lowest has been reported as: Teflon > silanised 
glass > borosilicate glass (Pyrex) > polyethylene > glass (Gomez-Ariza et al., 2000).  
 The size of container directly influenced Se stability. Significant losses of selenite 
were observed in 500mL bottles, whereas complete recovery was seen in 25 gallon 
barrels (Gomez-Ariza et al., 2000). Smaller surface area per unit volume offers 
higher stability due to minimized species adsorption onto container walls 
 
Organic species 
 
There is scarcity of data regarding the organic Se species in food products and it appears 
that stability of these is dependent on the matrix involved (Cuderman & Stibilj, 2010). 
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In aqueous solution, optimal storage conditions for organic Se species were found to be 
Pyrex containers at 4ºC and 20ºC in the dark (Moreno et al., 2002). However, little 
information on stability of Se species in complex matrices is available. Some known 
factors that may affect stability of organic Se species are: 
 
 Organic alkylated Se species (dialkylselenide and dialkyldiselenide) are volatile and 
losses by volatization may occur even at room temperature in airtight containers 
within one day (Gomez-Ariza, Pozas, Giraldez & Morales, 1999; Moreno et al., 
2002). 
 SeMet in Brazil nut powder is stable for three months storage at 18ºC, 4ºCand 24ºC 
(Bodo et al., 2003). 
 SeMet was stable for 10 days in the enzymatic extract of lyophilized oyster at 4º and 
18ºC in both Pyrex and polyethylene containers (Moreno et al., 2002).  
 SeMet and SeCys concentration in an aqueous matrix showed significant losses after 
12 months in the presence of light when stored at 20ºC in a Pyrex container (Olivas, 
Quevauviller & Donard, 1998). Exposure to light does not decrease total Se but 
rather promotes species transformation due to photolytic decomposition.  
 Heating at 150-175ºC has been shown to cause degradation of SeMet and Se-
MeSeCys in selenized yeast samples (Amoako, Kahakachchi, Dodova, Uden & 
Tyson, 2007; Amoako, Uden & Tyson, 2009).  
 The primary product of peroxide oxidation of SeMet is SeMet selenoxide hydrate, 
and oxidation of Se-MeSeCys results in methaneseleninic acid among other products 
(Uden et al., 2004). 
 SeMet is stable in treated urine for eight hours and up to at least two days, however, 
there was a 60% decrease in SeCys after five hours of storage (Gomez et al., 1998).  
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2.15 Methods for selenium analysis 
 
The increasing published evidence on roles of selenium in human health has resulted in 
a need for reliable and validated analytical procedures for its quantitation. The accuracy 
of determination of selenium content is crucial because there is a relatively narrow 
margin of safety between adequate and toxic amounts. The areas of strategies for 
sample preparation both for total selenium as well as speciation analysis, along with 
procedures for subsequent analysis and the additional separation techniques required for 
speciation are now reviewed. 
 
 
Total selenium analysis 
 
On the assumption that sample collection, handling and storage have been carefully 
performed, preparation can then be considered as a primary determinant for obtaining 
accurate results. Sample preparation could be regarded as any manipulation that 
modifies the sample matrix and one of the main objectives is to convert the sample into 
a more suitable condition for analysis. Without an efficient sample preparation, even 
modern analytical techniques would still not give correct results in the analysis of 
elements in complex samples. Strategies have been developed to analyse the total 
selenium content in foodstuffs and these can be categorised into dry and wet ashing.  
 
Dry ashing is considered convenient despite the risk of Se lost through volatilisation. 
The advantage of this approach is that it allows the use of relatively large sample sizes 
and reduces the possibility of contamination from reagents as it uses only diluted acids 
to dissolve the ash (Dolan & Capar, 2002). It also provides lower limits of detection due 
to the preconcentration of samples and a cleaner blank, although losses of Se may occur 
during ashing if the use of ashing aids is not optimized (Sigrist, Brusa, Campagnoli & 
Beldomenico, 2012). Conolly, Power & Hynes (2004) reported on the effectiveness of 
dry ashing and Amaro, Moreno and Zurera (1998) found excellent recoveries with this 
method. It also been used for digesting vegetables, pulses and cereals for estimation of 
Mediterranean daily intakes of Se (Matos-Reyes, Cervera, Campos & Guardia, 2010). 
 
Wet ashing or digestion is the most common sample preparation procedure that is 
performed to release elements of interest from the sample matrix and transfer these to a 
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liquid form for subsequent analysis (Mesko et al., 2011). This procedure presents less 
probability of analyte losses but careful optimisation is necessary to avoid raising limit 
of detections due to high dilution factors (Sigrist et al., 2012). Microwave energy has 
been used for wet digestion and it has enhanced both the speed and efficiency of 
digestion for sample types that are considered difficult to bring into solution. 
Advantages obtained using microwave-assisted procedure are a more effective wet 
digestion in the closed system, with minimised risk of contamination and a relatively 
higher temperature in comparison with conventional open wet digestion (Mesko et al., 
2011). This approach to digestion along with ICP-MS detection has recently been 
accredited by the French Committee of Accreditation for the analysis of nine essential 
elements including Se in foodstuffs (Noel et al., 2012).  
 
Speciation analysis 
 
In contrast to total Se analysis, sample preparation for Se speciation analysis needs to 
take into account the integrity of the species. There are two primary objectives in 
sample preparation are to preserve the original species or chemical forms of Se and to 
achieve a high efficiency of extraction from the sample matrix (B’Hymer & Caruso, 
2006). Oxidation is one of the concerns for some Se species that could lead to false 
identification. Formation of Se oxide has been reported with some sample preparation 
procedures and oxidation of selenite to selenate in soil preparation has also been 
reported. Another consideration in sample preparation is the volatility of any target 
analytes which might necessitate a use of a different approach. Volatile species 
(methylselenides) have been collected by headspace procedures, trapping, and solid 
phase extraction, whereas non-volatiles species (selenoamino acids and their 
derivatives) can be collected by leaching (solid-liquid), liquid-liquid extraction or solid 
phase extraction (B’Hymer & Caruso, 2006; Pedrero & Madrid, 2009). Enzymes have 
also been used to extract the analytes from matrices due to the relatively mild extraction 
conditions which minimize species interconversion (Pedrero & Madrid, 2009).  
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2.16 Extraction of selenium species 
 
Solid sample preparation generally includes milling, grinding, freeze-drying or sieving, 
followed by some form of extraction. The nature of the sample matrix and target 
selenium species will determine the choice of extraction procedure. 
 
Leaching extraction 
 
Leaching (solid-liquid) extraction has been performed extensively due to its popularity 
in extracting dietary supplements containing selenium yeast (B’Hymer & Caruso, 
2006). Some selenoamino acids are water soluble and hot water extraction had been 
used to extract them with good recovery if the species are not incorporated to proteins 
(e.g. selenomethylselenocysteine and γ-glutamylselenomethylselenocysteine). Bird, 
Uden, Tyson, Block and Denoyer (1997) applied hot water extraction to Se-enriched 
yeast and found recovery of only 10%. Aggressive leaching media has been applied to 
increase the yield of aqueous leaching procedures. The media utilised include 
hydrochloric acid, methanesulfonic acid, and tetramethylamonium hydroxide (B’Hymer 
& Caruso, 2006; Pedrero & Madrid, 2009). High extraction efficiency from yeast had 
been reported by using 4M methanesulfonic acid reflux digestion, yielding 66-67% 
selenium in the form of SeMet. 
 
Enhanced techniques 
 
The use of microwave energy has been particularly applied for total sample digestion in 
a range of matrices. However, it can also be used for elemental speciation analysis by 
selecting the appropriate conditions. A focused low power microwave field can be 
applied for the removal of organometallic species from a sample matrix as carbon-
selenium bonds are likely to remain intact (B’Hymer & Caruso, 2006). The energy of 
the microwave can be controlled in terms of power, time, temperature and/or pressure. 
In addition, microwave energy has also been used to accelerate enzymatic digestion 
(Pedrero & Madrid, 2009) and a microwave-assisted enzymatic extraction (MAEE) 
procedure was trialled in the extraction of selenium species in food samples including 
rice, fish, watercress and standard reference materials (Gammelgaard, Jackson & Gabel-
Jensen, 2011). It was shown to reduce extraction time from 40 hours down to one hour 
in selenised yeast samples. Tsai and Jiang (2011) also used MAEE to extract Se 
compounds from rice and wheat flour samples with 30 minutes of digestion time. 
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Enzymatic extraction 
 
Acidic or basic hydrolysis (leaching extraction) has been applied in Se species 
extraction with good recoveries but species interconversion can occur easily. Enzymatic 
extraction procedures are often the method of choice to extract selenium species from 
food matrices with minimum risk of species transformation whole allowing high 
extraction efficiencies (Thiry et al., 2012). Enzymes can be used to promote matrix 
degradation or to selectively release the analyte present in the samples (Mesko et al., 
2011). Since organic molecules are sensitive to extremes of pH and temperature, the use 
of enzymes could eliminate the need for these, so that this is the method of choice in Se 
species analysis. Conditions employed for enzymatic extraction are typically 37 ºC and 
pH 7 (Pedrero & Madrid, 2009).  
Enzymes are known to catalyse specific reactions and therefore are expected to cause no 
additional and undesired effects. Commercial enzymes including driselase (a mixture of 
laminarinase, xylanase and cellulose), pepsin, trypsin, pronase, protease XIV, proteinase 
K, α-amylase and lipase) have been used to release selenium compounds from sample 
matrices. Multiple or combinations enzymatic treatments are often necessary for higher 
extraction efficiency for some sample matrices (B’Hymer & Caruso, 2006). Samples 
including selenised-yeast, human blood serum, cod muscle, wheat flour and mushrooms 
have been trialed for enzymatic extraction. One study reported recoveries of 
selenoamino acids up to 95% using a mixture of proteolytic enzymes (Pedrero & 
Madrid, 2009). For selenoamino acids not incorporated into proteins, the efficiency is 
similar regardless of whether enzymatic extraction is used or not. Kitaguchi, Ogra, 
Iwashita and Suzuki (2008) evaluated the use of Driselase combined with protease for 
Se extraction from selenised buckwheat and quinoa and found recoveries of 66% and 
43% respectively. In the study conducted by Fang et al. (2009), three extraction 
procedures: water extraction, acid extraction (0.1M HCl) and enzymatic hydrolysis 
(protease XIV and amylase) were studied in Se-enriched rice samples and the last was 
found to be optimal with a recovery of 88%, in comparison to 11% and 36% for water 
and acid extraction respectively. 
 
Extraction of volatile species 
 
A variety of microorganisms including moulds, other fungi, bacteria, as well as 
terrestrial plants are capable of producing volatile Se compounds. Solid phase 
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extraction, solid phase microextraction, headspace sampling, cryogenic trapping or 
other trapping techniques have been used for these volatile species. A combination of 
headspace sampling and solid-phase microextraction is the usual method of choice 
(B’Hymer & Caruso, 2006). In the simplest form of headspace analysis, the sample is 
placed into a sealed vial and heated until a thermodynamic equilibrium between the 
sample and the gas phase is reached. A volume of the headspace gas is sampled and 
injected into a gas chromatograph. As for the solid phase microextraction, a small 
amount of extracting phase is coated on a support, usually a silica fibre. The sample is 
then placed in a sealed vial along with the extracting phase. This is done until the 
equilibrium analyte concentration is reached between the sample, the gas above the 
sample and the extracting fibre after which the latter is desorbed into a gas 
chromatograph for analysis.  
 
2.17 Separation of selenium compounds 
 
The instrumentation required for speciation studies is one of the hyphenated techniques 
(Wang, 2007) which involve coupling of separation procedure with an element-specific 
detection technique. A variety of separation systems have been employed in selenium 
speciation analyses and these include liquid chromatography (LC), capillary 
electrophoresis (CE) and gas chromatography (GC). 
 
2.18 HPLC separations 
 
Many of the Se compounds of interest are non-volatile and high performance liquid 
chromatography (HPLC) is by far the most widely used chromatography system 
because of its advantage of performing separations of analytes that simply need to be 
soluble (Bird et al., 1997; Thiry et al., 2012). It uses a liquid mobile phase to separate 
the components in the mixture and the interactions between the analyte and mobile 
phase are based on dipole forces, electrostatic interactions and dispersive forces (Mesko 
et al., 2011). This approach can be directly applied to non-volatile high and low 
molecular weight compounds and is readily interfaced to sensitive detectors including 
ICP-MS. Many HPLC systems can be coupled to ICP-MS and low detection limits can 
be achieved. Separation modes of HPLC that have been utilized for Se speciation 
analysis include reversed-phase, ion-pair, ion-exchange, size-exclusion as well as 
others. 
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Reversed-phase and ion-pair HPLC 
 
Reversed-phase (RP) HPLC uses an aqueous mobile phase that may contain a portion of 
organic modifier (Pedrero & Madrid, 2009). Separation of analytes is attained by the 
use of stationary phases that have a less polar surface than the mobile phase. The elution 
is carried out by reducing the polarity with the addition of an organic modifier with 
examples including methanol, acetonitrile and isopropanol. RP ion-pair HPLC is a 
special mode of reverse phase used for separation of ionic compounds. It involves the 
addition of a counter ion to the mobile phase and a secondary chemical equilibrium is 
used to control selectivity and retention of the analytes. The advantage of this mode of 
separation is that it facilitates separation of ionic species and uncharged molecular 
species (B’Hymer & Caruso, 2006). Elution and separation are attained by the use of 
aqueous solution incorporating an organic modifier. Various ion-pairing agents 
including trifluoracetic acid (TFA) (Bird et al., 1997) and heptafluorobutanoic acid 
(HFBA) have been trialled for selenium speciation (Pedrero & Madrid, 2009). This 
mode of separation with mass spectrometric detection has been the primary tool in the 
characterisation of Se forms in plant extracts (Wrobel et al., 2005). Chen et al. (2011) 
developed a method based on RP at room temperature with ionic liquids as mobile 
phase additives and found that target Se species in Se-enriched yeast and clover could 
be separated rapidly within eight minutes. 
 
Ion-exchange HPLC 
 
Ion-exchange HPLC separates ions or readily ionized analytes and may be used in either 
two separation modes: cation or anion exchange. The separation mechanism is based 
upon the exchange equilibra between a stationary phase containing surface ions and 
oppositely charged ions in the mobile phase (B’Hymer & Caruso, 2006). Factors that 
influence the separation and retention of the analytes with this system include the ionic 
strength of the solute, pH of the mobile phase, temperature as well as the ionic strength 
of the mobile phase.  
 
Cation and anion-exchange HPLC have previously been used in Se speciation, and both 
isocratic and gradient elution have also been employed. Common mobile phase buffers 
used in this mode of chromatography are phosphate, citrate and formate. In the 
Chapter 2 
 
 27
comparison work by Bird et al. (1997), the ion exchange mode separated selenite and 
selenate which was not accomplished with RP-HPLC or ion pair HPLC systems.  
 
Size-exclusion HPLC 
 
Size-exclusion chromatography (SEC) separation is based on the hydrodynamic volume 
of the analytes whereby the particles of the stationary phase have non-absorbing pores 
having dimensions size approximately the same as those of the analyte in solution 
(B’Hymer & Caruso, 2006). It is important that the interaction between the stationary 
phase and the analyte is minimised for effective size separations. This mode of 
separation is used in Se speciation to characterise the various selenoproteins found in 
different samples. SEC genereally does not provide complete identification of the 
various Se species but rather is used as a screening separation methodology in 
conjunction with other forms of HPLC. It is widely applied as a preliminary purification 
step whereby SEC partially fractionates the selenocompounds and the collected 
fractions are processed by another form of HPLC separation. Moreno et al. (2004) 
reported the usefulness of SEC to study the distribution of Se species in different 
biological samples. 
 
Miscellaneous HPLC 
 
Other modes of HPLC have also been used in selenium speciation analysis and these 
include chiral HPLC and affinity HPLC. It might also be anticipated that the use of 
other modes of chromatographic separation will increase in the field of Se speciation.  
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2.19 Other separation methods for speciation 
 
Capillary electrophoresis (CE) 
 
CE offers high resolution, requiring small amounts of sample (less than 1 ng) thereby 
providing good absolute detection limits (pg level) and the possibility of analysing 
relatively labile Se species (Pedrero & Madrid, 2009). It has been applied to protein and 
biomolecular analyses as it provides efficient separation of species. It also provides 
structural information on the interaction of metals and proteins, concerning rhe attached 
carbohydrate chains as well as degree of metal saturation (Mesko et al., 2011). 
Separation in CE is based upon the mass to charge ratio of the analytes that move in an 
electrical field applied across a capillary filled with electrolytes. CE has been found to 
be useful in selenium speciation analysis due to its ability to analyse different sample 
types which include high resolution for cations, anions, small metal ions, metal organic 
ligand complexes, organometallic and biomacromolecules. however, the absence of a 
stationary phase in CE is considered to be a disadvantage as changes to sample integrity 
may result (Pedrero & Madrid, 2009). Gammelgaard et al. (2011) reviewed the limited 
use of CE for speciation, describing the complicated challenges involved in hyphenating 
this separation mode to the detectors required. 
 
Gas chromatographic separation 
 
The increasing interest in volatile Se compounds has led to the more frequent use of gas 
chromatography (GC) with MS detection. GC separates compounds on the basis of 
analyte volatility as well as thermal stability, and many components however do not 
meet these requirements for direct GC separation. Therefore derivatisation reactions 
have been considered, so that non-volatile compounds are transformed into volatile 
thermally stable compounds (Mesko et al., 2011). The most abundant volatile species 
found in environmental and biological samples are the methylselenides and these are 
frequently and conveniently analysed by GC (B’Hymer & Caruso, 2006). Non-volatile 
Se species including SeMet, selenoethionine and SeCys2 have been analysed by GC 
after the analytes been subjected to derivitasation. However, the use of GC-based 
methods for non-volatile selenium species is time consuming and may fail for 
oligopeptides, leaving HPLC as the chosen separation method for these (Pedrero & 
Madrid, 2009). 
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2.20 Detector systems for selenium analysis 
 
Accurate determination of Se content in food is important, as there is a narrow margin 
of safety between adequate intakes and excessive consumption. Amongst the various 
detectors available for Se, atomic absorption spectrometry (AAS) and inductively 
coupled plasma spectrometry (ICP-MS) are most widely used for Se quantitation. 
 
Atomic absorption spectrometry 
 
In the 1970s, atomic absorption spectrometry (AAS), using flame as the atomisation 
source (FAAS) was the only atomic spectroscopic method available for total element 
analysis (Wang, 2007). HPLC was already an established technique in that era making 
coupling HPLC to FAAS a natural choice for speciation study. However, the limits of 
detection of this system were too high to be useful for most applications, consequently, 
there was a focus on sample pretreatments to concentrate extracts. Introduction of 
graphite furnace AAS (GFAAS) with lower detection limits resulted in a shift for 
detector selection in speciation studies. However coupling of HPLC to GFAAS, results 
in compatibility issues due to the continuous flow of HPLC eluents (Wang, 2007).  
 
GFAAS alone generally does not suffiecient sensitivity for the determination of Se in a 
variety of products which include cereals and bakery products. This reflects the trace 
level involved is partly due to the presence of matrix constituents that cause interference 
effects on GFAAS. The further development of hydride generation (HG) coupled with 
AAS eliminated interference due to matrix constituents by chemical separation and 
vaporisation of the volatile analyte hydrides, along with their vaporization-atomisation 
in either quartz furnaces or graphite atomisers (Ajtony et al., 2005). These approaches 
were applied by Murphy and Cashman (2001) who studied selected Irish foods, 
especially breads and flours, by HGAAS after acid digestion. Sigrist et al. (2012) also 
used HGAAS with the inclusion of flow injection (FI) to determine the Se content in 
selected popular foods in order to estimate Argentinean Se dietary intakes. The 
inclusion of FI gave rise to automated systems with advantages in regards to sensitivity, 
selectivity, reproducibility and sample throughputs. 
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ICP-MS 
 
The development of inductively coupled plasma optical emission spectrometry (ICP-
OES) offers several advantages over FAAS and GFAAS as it has a enhanced detection 
limits for most elements, simultaneous multi-element capabilities along with a linear 
dynamic range of over five orders of magnitude (Wang, 2007). The use of HPLC 
coupled to ICP-OES was very soon overtaken by the advancements offered by ICP-MS 
as an element specific detector.  
 
ICP-MS is a powerful detector in the analysis of elements due to its high sensitivity and 
specificity (Thiry et al., 2012; Wang, 2007). Due to its low detection limit and high 
efficiency, ICP-MS has increasingly been chosen for analyses used in the development 
of nutritional databases as well as evaluations of intakes for various countries including 
Korea (Choi et al., 2009), France (Noel et al, 2012) and China (Gao et al., 2011). 
 
It can be coupled to HPLC systems by connecting the end of the chromatography 
column to the ICP-MS nebuliser (Thiry et al., 2012). ICP-MS generates a plasma 
typically of argon that ionizes the nebilised sample and the mass/charge ratio of the ions 
is used to identify the element. Se has six isotopes that vary in abundance, and analysts 
will need to choose the most appropriate mass for their measures. The factors that affect 
the choice of monitored mass include the detector sensitivity, isotopic abundance and 
spectral interferences. The less sensitive an ICP-MS is, the higher abundant isotope 
must be considered to facilitate reliable quantitation. The most abundant isotope of the 
element is 80Se (49.6%) and this is unlikely to be selected due to its signal overlapping 
with spectral interference from polyatomic ion 40Ar40Ar+ (B’Hymer & Caruso, 2006). 
Therefore, two less abundant isotopes 78Se (23.5%) and 76Se (9.4%) are generally 
preferred in speciation analysis. Collision/reaction cell (CRC) or interface (CRI) can be 
used to eliminate polyatomic interferences by injecting a specific gas into the ionic 
beam. In collision devices, molecules of the gas (for example helium) collide with the 
interferents and split them into masses that do not impair the analysis of the mass of 
interest (Thiry et al., 2012). As for the reaction devices, the gas (for example H2, NH3, 
CH4 or O2) reacts with the interferent or the analyte itself to modify either its mass or 
charge. 
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Isotope dilution for speciation 
 
Isotope dilution analysis for selenium speciation has attracted some interest as it is 
reported to give measurement that are both precise and accurate. It may be used in either 
species-unspecific or species-specific mode, depending on the chemical form of the 
isotope tracer or spike and when it is added to the sample (Pedrero & Madrid, 2009). 
The former mode of was applied in selenium speciation of biofortified products made 
from wheat and triticale grains (Kirby et al., 2008). The approach has also been useful 
in correcting for selenomethionine oxidation in stored selenised yeast samples (Pedrero, 
Encinar, Madrid & Camara, 2007). Huerta et al. (2003) has determined Se in wheat and 
yeast samples by (IDA)-ICP-MS to overcome SeH+ interferences. However, the lack of 
commercially available speciated tracer and characterized standards is limiting the use 
of this method (Geonaga-Infante et al., 2008).  
 
ESI-MS 
 
One major limitation of HPLC-ICP-MS system is that it only allows measurement of 
species for which a standard exists so that it is not applicable for unknown species. 
Rosen and Hieftje (2004) reviewed the application of electrospray ionisation mass 
spectrometry (ESI-MS) for speciation analysis. ESI-MS permits the conservation of 
selenium species and the exact molecular mass of the ion can be used to identify the 
target species (Gammelgaard et al., 2011). In addition, the structure of the molecule and 
isotopic composition also can be determined. However, the primary issue is that the 
sensitivity of ESI-MS up to 100 times lower than that of ICP-MS due to the matrix load 
of the samples. Thus, it is unsuitable for analysis of very low concentrations and 
samples with complex matrices (Kotrebai, Tyson, Block & Uden, 2000). Despite the 
limitations, Chan, Afton and Caruso (2010) used nanoelectrospray ion trap mass 
spectrometry (nanoESI-ITMS) to provide structural information for the molecules of Se 
species structural characterization in Se-enriched kale. Fang et al. (2009) also applied 
the same technique to further identify SeMet as the major selenospecies in Se-enriched 
rice. 
  
Chapter 2 
 
 32
2.21 Summary of current knowledge on selenium: significance and speciation 
in grain foods 
 
As an essential trace element, Se is important to human health, particularly due to its 
anti-inflammatory, anticancer and antiviral activities. The total Se content of food 
provides insufficient information to predict effects on human health, however speciation 
analysis for Se, as well as the evaluation of bioavailability present significant 
challenges. It is recognised that the metabolism of Se is species-dependent and current 
progress has revealed that SeMet is probably more efficient in preventing Se deficiency, 
while inorganic Se in the form of selenite can respond rapidly to acute needs for Se but 
has a higher risk becoming toxic in the long run, while the precursor species of 
methylselenol has anticancer properties. However, many gaps remain as this nutrient is 
present in various forms and there may also be more to be identified. This hampers 
progress in understanding the potential and actual health effects of Se and its various 
forms.  
 
For speciation analysis, hyphenated techniques based on coupling chromatographic 
separation with ICP-MS have very recently been established as suitable tools. Reliable 
isolation and accurate characterisation and identification of Se compounds still remain a 
challenge. Alternative sample handling and preparation approaches include the use of 
enzymes as a strategy which may resolve the challenge of preserving the species during 
the analytical process. 
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Chapter 3 
 
Background and literature review:  the significance, sources, 
biosynthesis, stability and analysis of vitamin E 
 
 
 
The purpose of this chapter is to provide background and review the relevant scientific 
literature on vitamin E. The areas covered include the chemical structures of vitamin E 
compounds, biosynthesis, their nutritional significance, food sources and the deficiency 
symptoms. In addition, the stability and methods available for vitamin E analysis are 
reviewed.  
 
3.1 Vitamin E as an essential nutrient 
 
The discovery of vitamin E can be traced back to the early 1920s whereby American 
scientist Evans found that the falling fertility of male rats and the abortion rate of female 
rats were related to a deficiency of a fat soluble substance (Hu, Zhang, Wang & Jin, 
2011). He isolated this material in crystalline form during 1936, and determined that its 
chemical formula was C29H50O2. Two years later, Swiss chemist Karrer synthesised this 
substance and owing to its function relating to fertility, the substance was named 
tocopherol or vitamin E. It has subsequently be found essential for growth and survival. 
Due to the inability of the human body to synthesise the molecules (Sziklai-Laszlo, 
Kovacs & Cser, 2011), we depend on dietary sources for intake of vitamin E.  
 
3.2 The chemistry of vitamin E 
 
The term “vitamin E” refers to all tocopherols and tocotrienols derivatives that 
qualitatively exhibit the biological activity of α-tocopherol (Bramley et al., 2000). 
Tocopherol is derived from the Greek words tokos (childbirth), phero (to bring forth), 
and ol (alcohol), and thus relate to the role of vitamin E in animal reproduction (Pak, 
Lanteri, Scheuch & Sawczuk, 2002).  
 
In pure form, vitamin E is yellow viscous liquids that decompose readily in the presence 
of light, oxygen, alkaline pH, or traces of transition metal ions (Bramley et al., 2000; Hu 
et al., 2011). The vitamin is insoluble in water and readily soluble in alcohol, other 
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organic solvents including acetone, chloroform and ether, and vegetable oils. It exhibits 
relatively low intensities of UV absorption, with absorption maxima in the range 292-
298nm in ethanol, but strong native fluorescence (RSC, 2015). 
 
3.3 Chemical forms of vitamin E 
 
Tocopherols and tocotrienols have similar chemical structures (Figure 3.1). They are 
derivatives of a 6-chromanol ring with the tocopherols having a saturated side chain 
while tocotrienols having an unsaturated side chain containing three double bonds 
(Seppanen, Song & Csallany, 2010). The tocopherol and tocotrienol homologues are 
named α, β, γ, and δ depending on the position and number of the methyl substitution on 
the aromatic side of the chromanol ring (Jiang, 2014).  
 
 
 
 
Figure 3.1 The structure of tocopherols and tocotrienols 
Source:   Schneider, 2005 
 
Tocopherols are derivatives of 2-methyl-6-chromanol onto which is attached a saturated 
16-carbon isoprenoid chain at C-2 (Bramley et al., 2000). α-Tocopherol is methylated at 
C-5, C-7 and C-8 on the aromatic ring. The other homologues (β, γ, and δ) differ in the 
number and positions of the methyl group on the ring. Tocotrienols differ from the 
corresponding tocopherols in that the isoprenoid side chain is unsaturated at C-3ʹ, C-7ʹ 
and C-11ʹ (Bramley et al., 2000). 
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3.4 The biosynthesis of vitamin E in plants 
 
The primary source for dietary uptake of vitamin E is plant food including vegetables, 
fruits, seeds and seed oils (Bramley et al., 2000). The predominant form of vitamin E in 
the leaves of higher plants is α-tocopherol, and here it is located particularly in the 
chloroplasts; whereas γ-tocopherol is present at higher levels in some plant oils; with β-
tocopherol, δ-tocopherol and tocotrienols generally being the least abundant (Bramley et 
al., 2000). 
 
Tocopherols and tocotrienols are biosynthesised in plants from two converging 
pathways: the catabolism of the amino acid tyrosine and isoprenoid biosynthesis via the 
non-mevalonate pathway in plastids (Figure 3.2). These can be divided into three stages 
as reviewed in Schneider (2005). 
 
The first stage involves the formation of the homogentisic acid head group and tyrosine 
is metabolised by amino transferase yielding p-hydroxyphenylpyruvate. The enzyme p-
hydroxyphenylpyruvate dioxygenase (HPD) catalyses a highly complex reactions 
including oxidative carboxylation of the pyruvate side chain to acetate, 1,2-migration of 
the acetate chain and hydroxylation of C-1 of the aromatic ring yielding the final 
product homogentisic acid.  
 
The second stage involves the addition of a hydrophobic tail to generate 2-methyl-6-
phytylplastoquinone. The prenyl side chain is formed from the condensation of 
dimethylallylpyrophosphate (DMAPP) and three units of isopentenyl pyrophosphate 
(IPP) to form geranylgeranylpyrophosphate (GGPP). GGPP is reduced to 
phytylpyrophosphate by GGPP reductase. The first committed step toward tocopherol 
biosynthesis is the alkylation of the 6-position of the aromatic ring of homogentisic 
acid. Two transferases, homogentisate prenyltransferase (HPT) and homogentisate 
geranylgeranyl transferase (HGGT), catalyse the transfer of phytylpyrophosphate or 
GGPP, respectively, and also the decarboxylation of the 2-acetate group to a methyl 
group yielding 2-methyl-6-phytylplastoquinone. Addition of a saturated phytyl chain 
leads to formation of tocopherols, whereas addition of unsaturated chain yields 
tocotrienols. 
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The final stage involves methylation and ring cyclisation to generate tocopherols and 
tocotrienols.  The product 2-methyl-6-phytylplastoquinone can be directly cyclised by 
tocopherol cyclase to yield δ-tocopherol, or prior methyl transfer to the 3-position 
yielding 2,3-dimethyl-6-plastoquinone and subsequently γ-tocopherol. Final transfer of 
a methyl group to the 5-position of the chromanol ring by enzyme γ-tocopherol 
methyltransferase (γ-TMT) converts γ- and δ-tocopherol into α- and β-tocopherol 
respectively. The four tocotrienols are formed by a corresponding pathway.  
 
 
Figure 3.2 Biosynthesis of tocopherols and tocotrienols 
Source:   Schneider, 2005 
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3.5 Vitamin E metabolism 
 
The metabolism of vitamin E is closely linked with that of lipids and lipoproteins due to 
the solubility of the vitamer molecules in lipid components and apoB lipoprotein is 
required at every stage of its transport (Anetor & Anetor, 2011). During the digestive 
phase of lipid absorption, dietary vitamin E becomes emulsified in micelles and 
permeates the intestinal epithelium. The subsequent uptake by enterocytes appears to be 
dependent upon a concentration gradient. The vitamin is assembled into chylomicrons 
within the intestinal cells and secreted into the lymph with some of the vitamin E being 
released into the tissues while the remainder is primarily endocytosed by the liver 
(Anetor & Anetor, 2011). 
 
Vitamin E can take two pathways in the hepatocytes: re-entry to the circulation with any 
excess being excreted in the bile. The fraction that re-enters the circulation is packaged 
as very low density lipoprotein (VLDL), and it can be further distributed to tissue via 
LDL receptor-mediated endocytosed or transferred between lipoproteins (principally to 
HDL) by plasma lipid transfer proteins (Schneider, 2005). Mobilisation of vitamin E 
from intestinal and liver cells is critically dependent on apoB lipoprotein assembly and 
secretion. Fatty meals are also reported to enhance the efficiency of absorption in the 
intestinal tract (Schneider, 2005).  
 
Vitamin E is found in all of the cells and tissues in the body and its distribution is in the 
following order: adrenals, pituitary, platelets and testicular tissues (Anetor & Anetor, 
2011). The reservoirs for this vitamin include the adipose tissue, muscle and liver and 
faecal excretion is a major pathway of vitamin E loss in vivo (Wu & Croft, 2007). Both 
α- and γ-tocopherol are readily excreted in the bile for humans and rats, with some 
undergoing enterohepatic circulation with the remainder probably lost via the faecal 
route. The low toxicity of vitamin E, even following high dose supplementation, may be 
attributed to biliary secretion, which prevents accumulation in liver (Wu & Croft, 2007).  
 
In human tissues α and γ-tocopherol are the major forms of vitamin E that are more 
abundant than other tocopherols or the tocotrienols (Jiang, 2014). It has been observed 
that α-tocopherol is the predominant form of vitamin E in the body and the preferential 
retention of this form over others reflects the distinct binding affinity and activity 
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toward α-tocopherol by liver proteins that are important for transport and metabolism of 
both tocopherols and tocotrienols (Jiang, 2014).  
 
 
The potential health benefits of vitamin E for humans have been the subject of reviews 
that have analysed clinical, animal and in vitro evidence for the biological activity 
(Tiwari & Cummins, 2009). The vitamin functions as the major lipid-soluble 
antioxidant in cell membranes; it is chain-breaking, free-radical scavenger as well as 
acting as inhibitors of lipid peroxidation (Bernal, Mendiola, Ibanez & Cifuentes, 2011; 
Klein et al., 2003).  
 
Originally known for its reproductive function, over the years, the various metabolic 
and antioxidant roles of vitamin E have also been discovered. It is an effective 
antioxidant acting as the primary defence against potentially damaging oxidation that 
causes disease and accelerates the aging process (Anetor & Anetor, 2011). One 
particular role appears to be in protecting the lipid-rich erythrocyte membrane from 
oxidant stress, and this is the major documented role of tocopherol in human 
physiology. The function of vitamin E in membranes has been reviewed 
comprehensively by Wang and Quinn (2000) and Atkinson, Epand and Epand (2008). 
Other crucial roles of vitamin E in human health include prevention of oxidation of 
vitamin A and carotenes, delaying the pathogenesis of cardiovascular disease, cancer, 
inflammatory diseases, neurological disorders, cataract and age-related macular 
degeneration, as well as maintaining the immune system (Bramley et al., 2000). Vitamin 
E is also commonly used in cosmetic and skin care products, and experimental evidence 
indicates that topical and oral vitamin E have photoprotective, anti-tumorigenic and skin 
barrier stabilising properties (Zingg, 2007).  
 
Vitamin E represents a family of eight naturally occurring compounds, tocopherols and 
tocotrienols, that share close structural similarly and thus comparable antioxidant 
efficacy (Sylvester, Akl & Ayoub, 2011). Very recent studies however, are indicating 
that each vitamer member of the E group possess distinctive biological activities (Table 
3.1).  
  
3.6 Vitamin E and human health 
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Table 3.1 Roles of tocopherols and tocotrienols in human health 
Source:   Tiwari & Cummins, 2009 
 
 
 
 
There has been a negative association between α-tocopherol intake and the prevalence 
of chronic diseases including cancer and cardiovascular diseases in many large clinical 
intervention studies as reviewed in Jiang (2014). α-Tocopherol has been thought to be 
beneficial to individuals showing symptoms of α-tocopherol deficiency, but 
accumulating evidence suggests that other forms of E vitamers have unique properties 
that are superior in prevention and therapy against chronic diseases. Yoshida, Niki and 
Noguchi (2003) conducted a comparative study on the action of tocopherols and 
tocotrienols as antioxidants. Their results demonstrated that although both exerted the 
same reactivities towards radicals and showed similar mobilities within liposomal 
membranes, tocopherols gave more significant physical effects on the increase in 
rigidity of the membrane interior. On the other hand, the tocotrienols were more readily 
transferred between the membrane and incorporated into the membranes (Yoshida, Niki 
and Noguchi, 2003). 
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The early work of Tappel identified that α-tocopherol effectively inhibits biological 
oxidation processes, and later, tocopherol deficiency in humans was associated with 
elevated levels of oxidative lipid damage and erythrocyte haemolysis (Sen, Khanna & 
Roy, 2006). α-Tocopherol is recognized as the most important lipophilic radical-chain-
breaking antioxidant in tissues in vivo. In addition to its antioxidant properties, α-
tocopherol also inhibits cell proliferation, platelet aggregation and monocyte adhesion, 
indicating unique biological functions that often not shared by other family members. γ-
Tocopherol exhibits anti-inflammatory, antineoplastic and natriuretic functions, which 
are not shared by α-tocopherol. Moreover, emerging epidemiological data increasingly 
indicates that γ-tocopherol is more clearly a negative risk factor for certain types of 
cancer and myocardial infarction than is α-tocopherol (Sen, Khanna & Roy, 2006).  
 
 
Tocotrienols exhibit powerful neuroprotective, antioxidant, anti-cancer and cholesterol 
lowering properties that often differ from properties of tocopherols (Sen, et al., 2006). 
The unsaturated side chain of tocotrienols allows for more efficient penetration into 
tissues that have saturated fatty layers including those found in the brain and liver. 
Nanomolar concentrations of α-tocotrienol prevent inducible neurodegenerations by 
regulating specific mediators of cell death. Experimental evidence showed that γ-
tocotrienol treatment potentiates the anticancer effects of the tyrosine kinase inhibitors, 
erlontinib and gefitinib, and also induce apoptosis in human prostate cancer cells 
(Sylvester et al., 2011).  
 
The distribution patterns of tocotrienols are known to vary widely among different 
oilseeds and may serve as potential markers for the characterisation and differentiation 
of vegetable oils (Abidi, 1999). The relative inferiority of bioavailability of tocotrienols 
taken orally compared to that of α-tocopherol and combinations with α-tocopherol have 
led biologists to almost completely discount research into tocotrienols. In the review of 
published articles reporting clinical studies on tocotrienol rich vitamin E by Rasool and 
Wong (2007), it concluded there are limited clinical studies on tocotrienols, and these 
have typically been done with groups of relatively with small numbers of participants.  
 
3.7 Roles of tocopherols 
3.8 Functions of the tocotrienols 
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The recommended dietary allowance (RDA) of vitamin E for the US was set at 30IU 
(20mg α-TE) in 1968, which was later revised in 1972 to 10 IU (7mg α-TE) (Sziklai-
Laszlo et al., 2011). The current RDA in the US is 15mg/day α-TE which was 
established based on the criterion of vitamin E intakes sufficient to prevent hydrogen 
peroxide-induced hemolysis (Gao, Wilde, Lichtenstein, Bermudez & Tucker, 2006). In 
Australia, adequate intake has been set for vitamin E based on median population 
intakes in Australia and New Zealand and Table 3.2 summarises the Australian 
adequate intake values for vitamin E. 
 
Table 3.2 Australian adequate intake values for vitamin E 
Source NHMRC (2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vegetable oils and the products made from them are typically the richest source of 
vitamin E in the diet (Bramley et al., 2000; Sziklai-Laszlo et al., 2011) (Table 3.3). 
Sunflower seeds, olive oils and almonds are rich sources of α-tocopherol, whereas other 
seeds and seed oils generally containing more γ-tocopherol than α-tocopherol, while the 
opposite is true for green leaves (Schneider, 2005). The difference in dietary habits 
leads to higher consumption of α-tocopherol in typical European diets while those of 
3.9 Recommended dietary intakes for vitamin E 
Age group α-TE (mg/day) 
Children  
1-3 years 5 
4-8 years 6 
Adolescents   
9-13 years 8-9 
14-18 years 8-10 
Adults  
Males 10 
Females 7 
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Americans are richer in γ-tocopherol due to higher usage of plant oils in food 
preparation (Dietrich et al., 2006). Most oils have either low levels of tocotrienols or 
none at all. Significantly, palm oil is rich in α-tocotrienol (Buddrick, Jones, Morrison & 
Small, 2015) and wheat germ oil has high β-tocopherol content. 
 
Table 3.3 Vitamin E content of oils, margarines, dressings, cereal grains and 
cereal products (per kg edible portion) 
Source:   Bramley et al., 2000 
 
 
 
 
 
It has been reported that cereal grain foods provide approximately 30% of RDA of α-
tocopherol equivalents in Finland, and 25% of vitamin E intake in Germany was found 
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to be provided by bread and bakery products (Bramley et al., 2000). Cereals including 
oats, rye and barley are good sources of tocotrienols. Often the vitamin E content of 
baked products made with vegetable oils or fat tends to reflect that of the added fat 
rather than the flour itself. Vegetables and fruits are generally low in vitamin E activity, 
but due to the large amount consumed in most diets, they provide a significant source of 
tocopherols (Sziklai-Laszlo et al., 2011). Al-Saqer et al. (2004) prepared pan bread and 
sugar-snap cookies with red palm olein and red palm shortening for the specific purpose 
of boosting dietary vitamin E intakes.  
 
 
The actual requirement for vitamin E is uncertain and many well-designed studies have 
shown that recommended intakes could be far lower than actual requirements. Most 
values for recommended intake have been developed in the context of being adequate 
for preventing the development of deficiency symptoms. In addition, consumption of 
various nutrients including β-carotene, ascorbic acid, polyunsaturated fatty acids 
(PUFA) and selenium can significantly affect the utilisation of vitamin E (Anetor & 
Anetor, 2011). High consumption of β-carotene and ascorbic acid conserves vitamin E, 
while increased consumption of PUFA increases the requirement for vitamin E. The 
reason for the latter is because dietary PUFA are concentrated in cellular and subcellular 
membranes, where they have the capacity to sequester corresponding amounts of 
vitamin E to maintain their oxidative stability (Ball, 2006). A major study, known as the 
selenium and vitamin E cancer prevention trial (SELECT) has been based on the 
presumed antioxidant and anticancer properties of these nutrients that are thought to 
inhibit specific cellular processes in cancer development. The evidence indicates that 
selenium and vitamin E compensate for the deficiency of each other and act 
synergistically against the formation of reactive oxygen species (Klein et al., 2003). 
 
Deficient intake 
 
The deficiency of vitamin E appears to be a rare occurrence in most adult populations 
and age groups, but can occur in newborn babies and individuals with compromised fat 
absorption (Pak et al., 2002). A range of diseases and disorders can result and these 
include infertility, increased risk of miscarriage, premature births, liver and kidney 
3.10 Health effects of vitamin E in relation to level of intake 
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diseases, muscular dystrophy as well as anaemia which is not curable with iron 
supplementation (Sziklai-Laszloet al., 2011).  
 
Excessive intake 
 
Although excessive intakes of vitamin E might be expected to cause toxicity due to the 
fat-soluble properties, no cases of classical toxicity or poisoning have been reported. 
Studies involving doses up to 10g (equivalent to 1000 times RDA) over extended 
periods showed no signs of poisoning or toxicity (Hu et al., 2011). Although very high 
doses of vitamin E do not produce toxic effects, there are also doubts regarding health 
benefits. Reported adverse effects include growth retardation, poor bone calcification, 
depressed hematocrit and increased Prothrombin time. These observed symptoms are 
those of vitamin A, D and K deficiency, reflecting interference of other fat-soluble 
vitamins absorbance or use, due to excess vitamin E levels (Hu et al., 2011). 
 
 
The E vitamers are among the most important natural antioxidants in fats and oils, 
acting as primary or chain-breaking antioxidants by converting lipid radicals to more 
stable products. They donate hydrogen from the phenolic group to the radicals and thus 
stop the propagation phase of the oxidative chain reaction (Bramley et al., 2000). This 
process is accelerated by light, heat, alkali, metal ions and hydroperoxides. The order of 
antioxidant activity of natural tocopherols at equivalent concentrations in stripped corn 
oil at 70ºC is γ > δ > β > α. In a purified methyl linoleate system at the same 
temperature the order is δ-tocopherol > γ-tocopherol > β-tocopherol > γ-tocotrienol > α-
tocotrienol > α-tocopherol. The products of tocopherols and tocotrienols oxidation 
include quinones, dimers, trimers and epoxides (Bramley et al., 2000). Evidence 
regarding some of the conditions that affect the stability of vitamin E demonstrates that: 
 Shallow pan-frying of vegetables in virgin olive oils destroyed at least 36% of α-
tocopherol in the frying oil, but the fried food is enriched with the tocopherol 
originating from the frying oil (Kalogeropoulos, Mylona, Chiou, Ioannou & 
Anrikopoulos, 2007); 
 During the process of refining soya bean oil, the greatest loss of tocopherols was 
caused by the neutralisation step (20%) while deodorisation caused minor losses 
(9%) (Costa, Amaral, Mafra & Oliveira, 2011); 
3.11 Stability of vitamin E 
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 Milling and storage of wheat flour causes significant losses (Nielsen & Hansen, 
2008); 
 Pasta processing degraded tocols (Fratianni, Criscio, Mignogna & Panfili, 2012; 
Hildago & Brandolini, 2010); 
 Roasting of peanuts at 170ºC for 25 minutes decreased the α-tocopherol content 
significantly, but not β, γ, and δ-tocopherol. In addition, the contents of each of the 
tocopherols decreased during storage at 40ºC (Silva, Martinez, Casini & Grosso, 
2010); and 
 Other processes including heat sterilisation, dehydration, irradiation, freezing and 
canning also reduce the contents of vitamin E (Bramley et al., 2000). 
 
 
Sample preparation is a critical step required to liberate the vitamin from the sample 
matrix. Unlike a number of other vitamins, the E vitamers are not chemically bound to 
proteins, lipids or carbohydrates, so that using severe conditions or strong reagents may 
not be necessary for extraction and can destroy the analytes (Kamal-Eldin & Jastrebova, 
2011). The extraction procedure for the analysis of vitamin E depends on the nature of 
sample and the separation mode to ensure its compatibility with the column material in 
the chosen separation system. In the case of vitamin E analysis of oil samples, no 
extraction is required and samples can be directly injected onto the HPLC system after 
appropriate dilution steps (Kamal-Eldin & Jastrebova, 2011). 
 
Typically, sample preparation for vitamin E analysis of foods often includes 
saponification with potassium hydroxide, frequently in ethanol or methanol (Ruperez, 
Martin, Herrera & Barbas, 2001). During this procedure, the unsaponifiable components 
including vitamin E are partitioned into the organic solvent, while salts of fatty acids, 
glycerols and other potential interfering substances remain in the alkaline aqueous 
phase. Several factors may be considered in applying saponification to extract vitamin E 
and these include the organic solvent used, ethanol concentration and the level of lipids 
used in the digestion. Saponification is nevertheless time consuming and complex 
(Ruperez, Martin, Herrera & Barbas, 2001). 
 
3.12 Sample preparation for analysis of vitamin E 
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Vitamin E can also be extracted with n-hexane by Soxhlet extraction, or with a mixture 
of hexane or heptane and an alcohol (Kamal-Eldin & Jastrebova, 2011). The Folch 
method which employs chloroform-methanol (2:1, v/v) or the Bligh and Dyer method 
employing chloroform-methanol-water, may be used for more difficult samples. If the 
samples have been extracted with hexane or heptane, and chromatography is by 
reversed-phase HPLC, the solvent must be evaporated and replaced by another solvent 
that is compatible with the mobile phase. Antioxidants have been used to prevent the 
oxidation of fat-soluble vitamins during sample preparation and among these are 
butylated hydroxytoluene (BHT), ascorbic acid, pyrogallol or various combinations of 
these (Kamal-Eldin & Jastrebova, 2011; Ruperez et al., 2001).  
 
Solid-phase extraction (SPE) and supercritical fluid extraction (SFE) serve as 
alternatives to liquid-liquid extraction. SPE has been found to be an efficient technique 
for simplifying sample clean-up prior to HPLC and SFE is rapid and generates little or 
no hazardous reagent and solvent waste (Ruperez et al., 2001). Stevenson et al. (2007) 
compared SFE with carbon dioxide and accelerated solvent extraction (ASE) with 
hexane for pumpkin seeds oil extraction, and found that the ASE results were 
significantly lower than those determined by SFE. While SFE offers a number of 
advantages including ease of solvent separation after extraction, there are no toxic nor 
harmful effects and thermal degradation is minimised, these are partially offset by high 
operating costs (Bravi et al., 2007). In optimising ASE procedures for cereals and palm 
oil, Delgado-Zamarreno, Bustamante-Rangel, Sierra-Manzano, Verdugo-Jara and 
Carabias-Martinez (2009) studied the influence of various parameters including 
extraction solvent, sample size, temperature, pressure, time and number of extraction 
cycles. All of these factors were found to have at least some effect upon extraction 
yield. 
 
 
Gas chromatography (GC) with flame ionization detection (FID) is a technique which 
was in common use well before the development of HPLC and has been used for 
vitamin E analysis since the early 1970s (Sziklai-Laszlo et al., 2011). Du & Ahn (2002) 
employed GC for the simultaneous analysis of tocopherols, cholesterol and phytosterols 
with satisfactory repeatability and reproducibility. This method requires derivatization 
3.13 Analysis by gas chromatography 
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procedure to increase the volatility and often results in incomplete conversion of the 
compounds as well as the formation of undesirable side products which result in 
interference (Wong et al., 2014). Accordingly these approaches are now used to a lesser 
extent and HPLC has become more widely applied. 
 
 
Over the past two decades, normal-phase HPLC (NP-HPLC) has evolved and it is now 
possible to separate all eight of the unesterified E vitamers isocratically and this 
chromatographic mode has been applied in determining the analysis of a variety of fats, 
oils and foods (Ball, 2006). The eight compounds are separated by adsorption 
chromatography according to the number of methyl groups on their chromanol rings. 
Increasing the number of methyl groups results in an increase in hydrophobicity, 
thereby reducing retention. The unsaturation in the side chain of tocotrienols makes 
these molecules slightly more polar than the corresponding tocopherols and the resultant 
elution sequence is α-T, α-T3, β-T, γ-T, β-T3, γ-T3, δ-T and δ-T3 (Ball, 2006).  
 
In addition to separating β- and γ-isomers, normal-phase columns also present the 
advantage of operating with organic solvents so that the lipids of interest have a high 
solubility (Lanina, Toledo, Sampels, Kamal-Edin & Jastrebova, 2007; Ruperez et al., 
2001). In addition, oils and fats can be analysed directly with any complex extraction or 
preparative steps. However, existing NP-HPLC methods present disadvantages 
including relatively long equilibration times being required between analyses along with 
the use of toxic and volatile organic solvents (Abidi, 1999; Lanina et al., 2007). 
Determination of tocopherol and tocotrienol contents utilising NP-HPLC has been 
studied in fruits and vegetables (Chun, Lee, Ye, Exler & Eitenmiller, 2006), deep-water 
fish (Afonso et al., 2008), vegetable oils (Costa et al., 2011; Sookwong et al., 2010), 
cereals (Lampi, Nurmi, Ollilainen & Piironen, 2008; Panfili, Fratianni & Irano, 2003). 
 
 
Separation by these systems is on the basis of the saturation of the phytyl side chain, 
with the more saturated isomers being retained longer (Ruperez et al., 2001). The E 
vitamers are eluted in the order δ-T3, γ-T3 and β-T3 (unresolved), α-T3, δ-T, γ-T and β-
T (unresolved), and α-T (Ball, 2006). This elution profile contrasts with that of normal-
3.14 Normal-phase HPLC 
3.15 Reversed-phase HPLC 
Chapter 3 
 
 48
phase, in which α-T is eluted first and δ-T3 is eluted last. The C18 reversed-phase 
columns of standard dimensions appear unable to readily separate the positional β- and 
γ- tocopherols and tocotrienols, even if gradient elution is used. The isomeric 
tocopherols can be resolved using a polymeric C30 phase, but without baseline 
separation. Nevertheless, when the separation of β- and γ- tocopherols and tocotrienols 
is not critical, C18 reversed-phase systems are preferred due to shorter equilibration 
times and enhanced reproducibility. The most frequently the mobile phase is methanol 
containing small amounts of water and this is used isocratically (Ruperez et al., 2001). 
If other analytes are to be measured, often a complex mobile phases and gradients are 
necessary. Among the reports in which RP-HPLC has been used for identification and 
quantifcation of the tocopherols and tocotrienols are those on commonly consumed 
fruits and vegetables (Burns, Fraser & Bramley, 2003; Kim, Giraud & Driskell, 2007; 
Tangolar, Ozogul, Tangolar & Yagmur, 2011). Recent advances in separating all eight 
vitamers on RP-HPLC have been reported by Grebenstein & Frank, (2012) and Wong et 
al. (2014) with the use of solid-core pentafluorophenyl column. 
 
 
E vitamers eluting from HPLC columns can be detected using a wide range of detectors 
including evaporative light scattering, ultraviolet/diode array detector (UV/DAD), 
fluorescence, electrochemical (EC), nuclear magnetic resonance (NMR) and mass 
spectrometric (MS) detectors (Bernal et al., 2011;). In comparing this wide range of 
options, the evaporative light scattering detector is non-selective and has poor 
sensitivity. Vitamin E absorbs UV light at approximately 290nm (Table 3.4) and 
fluoresces with an excitation wavelength of ~296nm and an emission of ~320nm. For 
electrochemical detection, the optimal redox potential for α-tocopherol is approximately 
550mV. HPLC with UV/DADs is the most commonly employed method due to its good 
sensitivity in most samples. The fluorescence detector is 100 times more sensitive than 
the UV, and amperometric and coulometric electrochemical detectors are even more 
sensitive than those based on fluorescence (Kamal-Eldin & Jastrebova, 2011). However, 
due to the need of electrochemical detectors for an aqueous mobile phase, its use is 
limited to reversed-phase HPLC. NMR detectors are much less sensitive than the 
UV/DAD but have the advantage of providing structural confirmation. It has been 
reported that mass spectrometry (MS) provides sensitivity and selectivity for vitamin E 
3.16 Detection systems for vitamin E analysis 
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analysis (Lanina et al., 2007). GC-MS has been widely used in tocopherols 
determination but the derivatization steps were relatively costly. 
 
Table 3.4 Molar extinction coefficients for UV absorption by tocopherols and 
tocotrienols 
Source:   Kamal-Eldin & Jastrebova, 2011 
 
Compound Molecular mass λmax (nm) εmax (L mol-1cm-1) 
α-Tocopherol 430.71 292 3265 
β-Tocopherol 416.69 296 3725 
γ-Tocopherol 416.69 298 3809 
δ-Tocopherol 402.66 298 3515 
α-Tocotrienol 424.67 292 3652 
β-Tocotrienol 410.64 296 3540 
γ-Tocotrienol 410.64 297 3737 
δ-Tocotrienol 396.61 297 3403 
 
 
 
In spite of the significant potential of capillary electrochromatography, no references 
have been found showing a good resolution for tocopherols. Micellar electrokinetic 
chromatography (MEKC) has been used to separate two enantiomers and two structural 
isomers of synthetic tocopherol, but sensitivity remains poorer than HPLC due to 
smaller sample size. Chiral separations of vitamin E provide pure individual 
stereoisomers for nutrition, metabolism and pharmaceutical studies. Coupling HPLC 
and capillary GC has used to separate all-rac-α-tocopheryl acetate isomers (Ruperez et 
al., 2001).  
 
3.18 Summary of current knowledge on vitamin E 
 
Research on vitamin E has expanded from primarily focusing on α-tocopherol to 
exploration of different tocopherols and tocotrienols. There is accumulating evidence 
that each form of vitamin E offers its own distinct properties and specific advantages for 
prevention and treatment of diseases. Despite advances in understanding the various 
3.17 Other methods of analysis 
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forms of vitamin E, limited clinical trials on the potential use of these vitamers, 
individually or in combination, raises questions that needed to be addressed prior to 
utilising them in disease prevention and treatment. 
The concentrations of E vitamers in most foods are low and they are usually found in 
the presence of other substances including triacylglycerols and phospholipids, which 
may cause interference during analysis. Developments in GC and HPLC have 
revolutionised the measurement of vitamin E in foods, with HPLC now overtaking GC 
as the method of choice due to greater flexibility and convenience in handling different 
sample matrices. Until recently, HPLC separations have involved the use of normal-
phase columns although there are potential advantages in newly developed reversed-
phase approaches. 
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Chapter 4 
 
Background and literature review: the processing of Asian 
noodles and their global significance as a food source 
 
 
 
The purpose of this chapter is to provide background and review current knowledge on 
the utilisation of wheat flour for manufacture of Asian noodles. The areas covered 
include the international significance of Asian noodles, the different styles of these 
products, the ingredients and processes applied as well as an overview of the current 
status of research on Asian noodles 
 
4.1 Grains and their classification 
 
Plants considered “grain crops” are those producing small, hard dry seeds or fruits 
consumed by man or his domesticated animals as a foodstuff, or processed for food or 
industrial purposes (Graybosch, 2004). More than two-thirds of the world’s cultivated 
area is planted with grain crops (Hoseney, 1999). The major families of grain crops 
include the cereals and legumes, and together they account for over 70% of species 
categorised as grain crops. Wheat, rice and maize are the leading grains in terms of 
production and plantation worldwide (Beta, 2004). Wheat alone accounts for nearly 
30% of worldwide grain production and over 50% of the world trade in grains 
(Hoseney, 1999, FAO, 2015).  
 
Hexaploid wheat (Triticum aestivum L.) is the primary food grain consumed worldwide 
and more land is devoted for its production than for any other commercial crop (Carter, 
Walker & Kidwell, 2010). This species of wheat is often referred to as bread or 
common wheat in order to differentiate it from the species used for prodction of durum 
products. Commercially, wheats are classified into classes for marketing purposes and 
in the US six market classes are recognised and these are soft white (SW), soft red 
winter (SRW), hard red winter (HRW), hard red spring (HRS), hard white (HW), and 
durum wheat. The end-use product for each wheat market differs according to the flour 
quality attributes. Hard red wheat (HRW and HRS) is used for bread baking due its 
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strong gluten, whereas SW and SRW wheat have weak gluten and are ideal in the 
making of pastries, cookies, cakes and crackers (Carter et al., 2010). 
 
The major noodle wheat growers and suppliers are the United States, Australia and 
Canada (Corke & Bhattacharya, 1999; Hou & Kruk, 1998). Due to the complexity of 
noodle types, there is not a single wheat type that can meet all quality requirements. 
HRS, HRW, SRW and SW wheats are used, as is or blended, for noodle making. 
Australian standard white, Australian premium white, Australian hard, Australian prime 
hard, and Australian noodle wheat are the major types of noodle wheats (Hou & Kruk, 
1998; Blakeney et al. 2009). The Canadian wheats are also competitive in noodle 
production and these include Canadian western red spring, Canadian western red winter, 
Canadian prairie spring white and Canadian prairie spring red wheats (Hou & Kruk, 
1998). 
 
4.2 Cereal based foods as sources of Se and vitamin E 
 
Cereal grains vary in their relative amounts of proteins, lipids, carbohydrates, pigments, 
vitamins and ash. The type of minerals and their quantities also vary widely. The 
various components are not distributed uniformly throughout the different kernel 
structures. The hulls and pericarp are high in cellulose, pentosans and ash; the germ is 
high in lipid, proteins, sugars and ash; and the endosperm contains the starch and is 
lower in protein content than the germ (Hoseney, 1999). Traditional milling and 
processing liberates the components of the starchy endosperm, and in the case of wheat, 
this is also a major quantitative source of -glucans (Franks, 2004). The nonstarch (bran 
and germ) fraction that accounts for as much as 25% of the grain in wheat may contain 
up to 95% of the important nutraceautical and phytochemicals. In current milling 
practice, the processing of wheat grains removes the bran and germ, resulting in white 
wheat flour. This is the major ingredient in many foods including breads, noodles, 
cakes, pastries, quick breads, crackers and snack foods (Wu, 1999). The nutritional 
value of wheat foods depends primarily on the chemical composition of the flours used 
(Hoseney, 1999).  
 
The oils of the embyos of cereal grains are rich sources of vitamin E (Hoseney, 1999). 
Cereal products provide approximately 30% of RDA of α-tocopherol equivalents in 
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Finland, and 25% of vitamin E intake in Germany was provided by bread and bakery 
products (Bramley et al., 2000). Cereals are also considered as being one of the primary 
food sources of Se in most countries (Combs, 2001; Navarro-Alarcon and Cabrera-
Vique, 2008). It has been reported that in wheat, the primary form of Se is SeMet and 
this is believed to have relatively high bioavailability (Rayman, 2008; Thiry et al., 
2012). A recent trend in areas with inadequate dietary Se intakes has been the use of Se-
enriched wheats as a souce of supplemental Se and this involves the application of 
fertiliser containing Se for the growth of the plant. In New Zealand, the importation of 
high-Se Australian wheat has contributed to an enhancement in Se status (Finley, 2007). 
 
4.3 Origins and development of Asian noodles 
 
Asian noodles are not exclusively made from wheat, with some being produced from 
rice, buckwheat and starches of mung bean and potato (Azudin, 1998; Fu, 2008). This 
review will focus primarily on noodles made from wheat flour and it is firstly noted that 
Asian noodles and Italian pasta differ both in the raw materials used as ingredients as 
well as processing. Noodles are typically made from wheat flour by a process of 
sheeting and cutting, whereas pasta products are processed from durum wheat in the 
form of semolina by extrusion (Fu, 2008; Hou & Kruk, 1998). The pioneering of 
noodles and their invention has long been disputed among various nations although it 
was certainly established a long time ago. The discovery of thin noodles preserved in a 
pot for 4000 years provides evidences indicating a long history in China (Lu et al. 
2005). 
 
Chinese hand-made noodles and their processing appear to have been were introduced 
to Japan around twelve centuries ago (Nagao, 1996). So-men, Hiya-mugi, Udon and 
Hira-men were the major types of regular salted noodles developed in Japan based on 
the modified Chinese noodles. In 1884, the development of power-driven machinery 
revolutionised noodle manufacture in Japan and at the beginning of the 20th century, the 
alkaline salted noodle was introduced by Chinese immigrants in Yokahoma city. This 
was followed by production of the first instant noodles by Nissin Foods of Japan in 
1958 (Fu, 2008). By the 1970s the instant noodle had sucessfully migrated to the United 
States (Hatcher, 2001) and is now universally popular (WINA, 2015). 
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4.4 Importance of noodles internationally 
 
Increase in travel and trade as well as widespread of Chinese migration and emigration 
have taken noodles across the country and gradually gaining popularity in other 
countries. Noodles spread from China not only to Japan, but also to Korea, Thailand, 
Malaysia, Indonesia, Singapore, Philippines, Burma and Vietnam (Corke & 
Bhattacharya, 1999).  
 
Most Asian noodles nowadays are produced by machine and the actual manufacturing 
process for a particular type of noodle may differ across countries in order to meet the 
local needs and preferences (Fu, 2008). Eating quality is a crucial characteristic of 
noodles and many studies have been done to investigate correlating this property with 
factors including wheat hardness and milling properties, starch characteristics, protein 
content and quality and colour characteristics (Baik, Czuchajowska & Pomeranz, 1994; 
Lai & Hwang, 2004). 
 
Noodles are staples of the Southeast Asian diet and there is a wide diversity in the 
fomulation used and quality available to consumers (Edwards, Scanlon, Kruger & 
Dexter, 1996; Hatcher & Anderson, 2007). The rise in living standards in Asia and the 
Pacific Rim have led to an increased consumption of wheat based foods, particularly 
noodles (Miskelly, 1998). These are the major wheat products in most Asian diets and 
their production accounts for almost 50% of the wheat usage in Asian countries (Table 
4.1). Many of these countries except for China, are not able to grow significant areas of 
wheat and therefore they are reliant upon wheat imports. Approximately one third of 
Australia’s bread wheat exports are utilised for noodles production (Asenstorfer, Wang 
& Mares, 2005; Blakeney et al., 2009).  
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Table 4.1 The consumption of wheat flour as noodles for various Asian countries 
 
Country 
Consumption of wheat flour 
as noodles (percent) 
Indonesia 50 
Korea 45 
Vietnam 45 
Mainland China 40 
Taiwan 38 
Malaysia 30 
Thailand 30 
Japan 28 
Philippines 21 
Data from Hou (2010). 
 
 
4.5 Classification of noodles 
 
Asian noodles have undergone significant evolution and migration despite their ancient 
origins, and are now recognised as an international food product (Hatcher, 2001; WINA 
2015). Modifications in formulation and processing are crucial to suit regional eating 
habits, taste preference and technology advancement. There is no systematic 
classification or nomenclature for Asian noodles and there is a need to standardise these 
using a universal classification system. Currently noodles continue to be classified using 
traditional criteria and these are based on raw material, salt used, size and processing 
(Hou & Kruk, 1998; Miskelly, 1998).  
 
Wheat flour noodles are often viewed according to salt composition (common or 
alkaline) and processing method (including dried, steamed, boiled or fried). Since there 
are numerous and diverse noodle types, the current review will concentrate on three 
primary styles which are recognised in the scientific literature: white salted, yellow 
alkaline and instant noodles. These have been studied in this project as they have 
different production requirements and different quality attributes as well as varying 
consumer preferences. Each of these styles are now briefly described. 
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4.6 White salted noodles 
 
White salted noodles (WSN) are prepared from a mixture of flour, water and salt. 
Sodium chloride is the salt used in this type of noodle and this gave pH values variously 
reported as 6.2-7.0 (Rayas-Duarte et al., 2009) and 3.9-5.9 (Bui, Small & Coad, 2013). 
WSN comes in many forms including fresh, dried, boiled, steamed and dried and frozen 
(Crosbie, Huang & Barclay, 1998) and this type of noodle is particularly popular in 
Japan, South Korea and China. The wheat used for is soft or medium hard (Okusu, 
Otsubo & Dexter, 2010). The flour is also low in ash content (0.36-0.40%), low in 
damaged starch and having a good colour grade which gives the noodles their bright, 
creamy appearance and desirable texture (Kim, Freund & Popper, 2006). The Japanese 
form of WSN named udon (Figure 4.1) is probably the most intensively studied. The 
boiled form is particulalry and these are either sold loose or packed in tightly sealed 
polyethylene pouches for extended shelf-life (Corke & Bhattacharya, 1999).  
 
  
 
Udon1 Ramen1 Instant noodle2 
 
Figure 4.1 The appearance of Asian noodles produced from wheat flour  
Source: 1Durack (1998); 2Owen (2000) 
 
 
4.7 Yellow alkaline noodles  
 
Yellow alkaline noodles (YAN) are prepared from a mixture of flour, water and alkaline 
salts. The latter include sodium carbonate, potassium carbonate, sodium chloride and/or 
sodium hydroxide (Crosbie et al., 1998) and the prepared alkaline solution used in 
noodle-making is referred to as lye water or kansui. The inclusion of alkaline salts 
contributes to the unique flavour and colour due to the shift in dough pH to 9-11.5 
(Hatcher, 2001; Miskelly & Moss, 1985; Bui et al., 2013). This high pH causes the 
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detachment of flavones from the polysaccharides which allow the yellow colour to 
manifest. In addition, the high pH also has other roles including control of microbial 
growth during storage, enhancing noodle texture as well as modifying dough, starch 
pasting and cooking characteristics (Morris, Jeffers & Engle, 2000). This type of noodle 
is typically produced from hard wheat flour (Okusu et al., 2010). 
 
There are many different types of alkaline noodles and they vary primarily in their final 
stages of manufacture (Miskelly, 1996). The most popular types are fresh (Cantonese 
style), dried, wet or boiled (Hokkien style), raw with egg as an ingredient (wonton or 
wantan) and instant noodles (these latter noodles are further described in a subsequent 
section of this Chapter). The flavour and texture which are influenced by the alkaline 
salt(s) are one of the reasons for the popularity over the other noodle types including 
udon, soba as well as durum wheat products (Crosbie et al., 1998). The desired 
characteristics are a bright, even, light yellow appearance and absence of any darkening 
or discolouration; a firm clean bite, chewy and elastic texture and satisfactory al dente 
on biting (Kim et al., 2006).  
 
4.8 Instant noodles 
 
These types of noodles are ready to serve following short and easy steps of preparation. 
A period of only 2-3 minutes of boiling or rehydration with boiling water is required 
(Corke & Bhattacharya, 1999). These are the fastest growing sector of the noodle 
industry and play an important role in the nutritional requirements of many Asian 
countries (Hatcher, 2001; WINA, 2015). Instant noodles (IN) are consumed in more 
than 80 countries and have become internationally recognised (Gulia, Dhaka & Khatkar, 
2014). They account for approximately 23% of total wheat noodle production and 90% 
in Korea. Globally, China ranks first in the consumption of IN followed by Indonesia 
and Japan according to WINA (Figure 3.2). There are two main types of IN: steam and 
deep-fried and steamed and air-dried (Hou, Otsubo, Okusu & Shen, 2010). The frying 
process removes the water from noodle strands resulting in a porous structure that 
rehydrates quickly when water is added. The cooked noodles should have a strong bite 
and a firm non-sticky surface. This type of noodles can be found in most supermarkets 
all over the world. Major IN manufacturers include Nissin Food Products (Japan), P.T 
Indofood Sukses Makmur (Indonesia), Nestlé S.A. (Switzerland), Nong Shim Co. 
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(Korea), President Enterprises Corp. (Taiwan), Campbell Soup Co (USA) and Universal 
Robina Corp. (Philippines) (Azudin, 1998).  
 
IN are prepared from a mixture of flour, water and alkaline salts. It has a pH range of 
5.5-9 (Kim et al., 2006; Bui et al., 2013). Steaming and frying are unique to the 
processing of IN and these influence the characteristics markedly. Blended wheat flours 
of dark northern spring, HRW and Australian standard white wheat are generally used 
for making IN in Japan (Park & Baik, 2004). Soft wheat flour with low to moderate 
protein content is desirable to facilatate rapid cooking upon addition of hot water. In 
many varieties including packaged and cup-type noodles, Chinese, Japanese and 
Western flavours are typically provided in a sachet (Corke & Bhattacharya, 1999).  
 
 
Figure 4.2 Consumption of instant noodles in different countries  
Unit: 1 million packets (bags/cups) 
Source: WINA, 2015 
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4.9 Processing of wheat flour noodles 
 
Asian noodles traditionally prepared by hand, with the process involving repeated 
stretching or alternatively by sheeting with a rolling pin, after which the resultant dough 
was hand-cut into strands with a knife (Hou, Otsubo, Okusu & Shen, 2010). Nowadays 
most noodle products are mass produced by industrial noodle machines for retail and 
food service markets. The method is known as a “roll pressure stretching” technique in 
the noodle making industries. Asian noodle processing includes primary and sencondary 
processing units and the primary processing unit for machine-made noodles involves 
mixing of raw materials, resting the crumbly dough, followed by repeated dough 
sheeting, with the thickness of the sheet being reduced to that desired by roll pressure 
stretching and finally, cutting and slitting of the dough sheet into noodle strands (Hou et 
al., 2010). 
 
The secondary processing unit involves the noodle strands being further processed 
according to the noodle type (Figure 4.3). For fresh raw noodles, no secondary 
processing steps are required. For others, the process includes drying, boiling, freezing, 
steaming and/or frying (Miskelly, 1998). These allow the manufacture of specific 
noodle styles for different market needs including the purposes of extending shelf life, 
convenience, taste and other enhanced quality attributes (Hou et al., 2010).  
 
 
 
Figure 4.3 Processes used in the manufacture of different forms of Asian noodles 
Source Kim (1996) 
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4.10 Function of ingredients in noodle-making 
 
The primary ingredients of Asian noodles are wheat flour, salt, and water. The 
specifications of these ingredients will determine the quality of the finished product and 
their functions are now briefly described (Morris et al., 2000). 
 
Flour the key quality criteria for noodle wheat are bran colour, kernel hardness, protein 
content, dough strength and starch pasting properties (Crosbie & Ross, 2004). Each 
noodle type has its optimum protein range as it is positively correlated with noodle 
firmness (Miskelly, 1998). The protein range for the WSN, YAN and IN are 
summarised in Table 4.2. Adequate gluten strength and extensibility is required in all 
noodle flours. Starch is the most abundant component in wheat flour and is composed of 
two types of glucose polymers, amylose and amylopectin. The amylose to amylopectin 
ratio determines thermal and pasting properties of starch that contol the quality of final 
products and product shelf life (Guo, Jackson, Graybosch & Parkhurst, 2003). Flour ash 
content has been rated as one of the important specifications as it affects noodle colour 
negatively. Low flour extraction and ash levels are preferred for the manufacture of 
noodles with clean and bright appearance (Hou & Kruk, 1998). The typical ash levels 
for noodle flours are given in Table 4.2. 
 
Table 4.2 Properties of wheat flour for various noodle types1 
 
Property White salted 
noodles 
Yellow alkaline 
noodles 
Instant noodles 
Protein content (%) 7.0 – 9.0 11.0 – 11.5 9.0 – 11.0 
Ash content (%) 0.34 – 0.42 0.33 – 0.37 0.35 – 0.50 
Appearance Bright white, 
creamy white 
Bright yellow Bright yellow 
Eating Smooth surface, 
elasticity and 
spriginess 
Firm bite, 
springiness 
Firm bite, 
springiness 
1 Data from Okusu et al., 2010. 
 
Salts:   sodium chloride or alkaline salts are commonly added to noodle doughs and 
they play an important role in determining the noodle type. Sodium chloride performs 
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three important functions in noodle processing. Firstly, it strenghtens the gluten in 
dough to improve sheeting properties (Fu, 2008). Secondly, it has flavour enhancing 
and texture improving effects. In addition to providing a salty taste, salt has been shown 
to enhance flavour by imparting greater fullness to the general “mouth-feel”. Salt 
incorporation into noodle formulations also shortens the cooking time which results in 
softer but more elastic texture than those without salt. Lastly, salt appears to limits 
enzyme activities and microbial growth. It extends the shelf life of fresh noodles by 
delaying oxidative discoloration process and spoilage under high temperature and 
humidity conditions. The amount of salt used the manufacture of in dried noodles can 
affect the rate of drying, with slower moisture evaporation associated with higher salt 
levels (Miskelly, 1998).  
 
Alkaline salts may be used in combination or individually, depending on the type of 
noodles. The most commonly used alkaline salts are sodium and potassium carbonates, 
although sodium hydroxide and bicarbonates are also used in some countries. These are 
usually added at 0.5-1.5% for noodles with strong alkaline flavour and 0.1-0.3% as a 
quality improver for certain type of noodles (Fu, 2008). The addition of alkaline salt 
results in unique colour, texture and flavour in noodles and the resultant noodle doughs 
are tougher, tighter and less extensible than those with regular salt, thus giving a firmer 
texture noodle. The natural flavonoid pigments in flour which are colourless at acidic 
pH turns to yellow at alkaline pH levels and the degree of yellowness is dependent on 
the amount and type of alkali used. Potassium carbonate yields greenish-yellow hue, 
whereas sodium hydroxide gives a brighter yellow noodles (Miskelly, 1998).  
 
Water is an essential ingredient in noodle processing for gluten development (Fu, 2008). 
It also provides the necessary medium for all the physiochemical and biochemical 
rections that transform all of the ingredients into the finished product. Water soluble 
ingredients are usually dissolved in water prior mixing and the optimum amount of 
water is based on its sufficiency to hydrate the flour in developing a uniform dough 
sheet, yet not too much that it causes stickiness (Fu, 2008). 
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4.11 Sumary and overview of current status of research on Asian noodles 
 
There has been a growing interest in Asian noodles worldwide in the last 20 years as a 
result of significant wheat market demand in Asia for noodle flour production. Early 
research was primarily conducted in countries including China, Japan and Korea, but 
information and scientific publications were not readily accessible as these were 
published in the local languages and were not generally translated. In recent decades, 
numerous technical publications have become available in scientific journals in English 
so there is now a considerable body of information now more widely available . This 
has resulted from various factors including an expansion in the noodle industry, rapid 
business development, intercultural exchange, migration as well as changes in dietary 
habits. One of the most important reasons for the increased research in this field was the 
growing investment of major wheat-exporting countries into developing new genetic 
varieties and cultivars to compete in the noodle wheat market in Asia (Hou, 2010). 
 
Australian researchers pioneered the scientific research on Asian noodles (Moss, 1971), 
and since then, considerable research has been undertaken. This led to the publication of 
a monograph reviewing noodle and pasta technology (Kruger et al., 1996). More 
recently the monograph edited by Hou has provided a significant reference on the 
accumulating information on Asian noodles (Hou, 2010). 
 
Some of the scientific literature has focused on the identification of the flour 
characteristics which should be chosen to give the best quality of noodle products 
(Crosbie et al., 1998; Janto et al., 1998; Seib et al., 2000); while others specifically 
focused on the development of procedures which might allow agronomists and wheat 
breeders to conveniently select new genotypic varieties for particular noodle end uses 
(Azudin, 1998; Baik et al., 1994; Crosbie, 1991; Morris, 1998). 
 
One aspect of Asian noodles which appears to have received little attention is that of 
composition and nutritional value. There is relatively little data available on the 
nutritional value of any Asian noodle products (Bui et al. 2013) or their contributions to 
dietary intakes of essential nutrients. These authors asserted that there is currently 
limited data on Asian noodles in relation to the retention of naturally occurring or added 
nutrients used in fortifying foods during their processing. In addition there are 
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considerable variations in the manufacturing processes for different styles of Asian 
noodles which may be of significance. Substantial gaps in our knowledge regarding the 
stability and retention of essential nutrients in cereal-based foods have been identified. 
On this basis, the overall purpose of the current project has been to extend our 
knowledge by studying the nutrients Se and vitamin E in Asian noodle products. 
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Chapter 5 
 
Summary of background and description of project aims 
 
 
 
The purpose of this chapter is to briefly summarise the context in which this project has 
been developed and to describe the aims of the research program. 
 
5.1 Summary of the current situation and significance of the project 
 
There has been a growing interest in Asian noodles worldwide in the last 20 years as a 
result of significant wheat market demand in Asia for noodle flour production. It is the 
major wheat product in the Asian diet and noodle production typically accounts for at 
least 50 percent of the wheat usage in Asian countries. Many of these countries rely on 
wheat imports and it has been estimated that approximately one third of Australia’s 
bread wheat exports are utilised for noodle production. 
 
Cereal grains are not only major source of both energy and protein for the world’s 
population, but also supply a considerable number of essential micronutrients including 
selenium and vitamin E. Some areas with inadequate dietary Se intakes around the 
world have used selenium-enriched wheats as a source of supplemental Se. In addition, 
cereal products probably provide a substantial proportion of vitamin E intakes in many 
countries. The processing of cereal grains and grain foods is a paradox since it can 
enhance many aspects of nutrition, quality and safety, yet may also result in undesirable 
changes and losses in some nutrients that are important to human health. Therefore, a 
better understanding of the changes in the various forms of selenium and vitamin E 
during processing is needed if we are to optimise the benefits of cereal grain foods.  
 
5.2 Hypothesis  
 
The research reported in this thesis has been based upon the hypothesis that for different 
types of Asian noodles, stability of various forms of selenium and E vitamers may vary 
significantly as a result of the formulation used and the specific processes applied 
during manufacture.  
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5.3 Project aims  
 
The broad aim of this PhD project has been to investigate the significance of various 
aspects of noodle making, particularly formulation and processing conditions for the 
three main types of Asian noodles, in relation to the health implications of these 
products.  
 
The specific objectives have been to: 
 
1. Develop and validate procedures for extraction and analysis of total selenium as 
well as the various forms of selenium commonly found in cereal foods; 
 
2. Investigate the stability of the predominant molecular forms of selenium at the 
various stages of noodle making using both unfortified and selenium-fortified 
wheat flours; 
 
3. Evaluate enhanced procedures for extraction and analysis of the E vitamers with 
particular emphasis on reducing exposure to toxic solvents and to shortening the 
runtime of the analysis; and 
 
4. Investigate the stability E vitamers during the steps of noodle making using a 
selection of flours and the three common types of Asian noodles. 
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Chapter 6 
 
Materials and methods 
 
 
 
The purpose of this chapter is to describe the chemicals, reagents, equipment and 
methods used during this study. This includes procedures applied in the sampling and 
preparation of noodles, methods for extraction and analysis, along with details of 
calculations for total Se, individual Se species and E vitamers. 
 
6.1  Materials  
 
The chemicals including enzyme preparations used in analytical procedures were of 
analytical grade or of the highest purity available, unless otherwise specified. Se and 
vitamin E were used in the current study as chemical standards for analytical purposes. 
In addition a reference sample was used for method validation and in the assessment of 
total Se sample extraction procedures. The details of the Se standard, reference sample 
and chemicals used in total Se analysis are presented in Table 6.1. The specifications 
supplied with the reference sample are shown in Table 6.2. Information on the standards 
and chemicals used in Se speciation analysis are presented in Table 6.3. The materials 
used in the analysis of fat contents are provided in Table 6.4. The details of standards 
and chemicals used in vitamin E analysis are given in Table 6.5 and the commercial 
flours are listed in Table 6.6. 
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Table 6.1  Details of chemicals used for total Se analysis 
 
Supplier Chemical(s) 
AccuStandard, USA Se ICP Standard (ICP-51N-10X-0.5, Lot# B7115004-
2B) 
Graham B. Jackson Pty Ltd, 
Australia 
NIST SRM 1567a wheat flour 
Sigma-Aldrich, USA Nitric acid 70% purified by redistillation (225711-
475ML, Lot# SHBB9399V), Hydrogen peroxide 
≥30% TraceSELECT® (16911-250mL, Lot# 
BCBG1092V) and Methanol TraceSELECT® (42105-
1L, Lot# BCBH2902V) 
 
Note Description presented as chemical name (product number, batch or lot number) 
 
 
Table 6.2 Specification of reference sample used for this study 
 
Samples Certified value (μg/g) 
SRM 1567a wheat flour 1.1 ± 0.2 Se  
 
 
  
Chapter 6 
 68
Table 6.3 Details of chemicals in Se speciation analyses 
 
Supplier Chemical(s) 
Sigma-Aldrich, USA α-Amylase from Bacillus subtilis (10069-1G, Lot# 
BCBD1452V), Sodium selenate (S0882-10G, Lot# 
BCBH6296V), Sodium selenite (214486-5G, Lot# 
MKBJ9695V), Se-(methyl)selenocysteine 
hydrochloride (SeMeSeCys) (M6680-100MG, Lot# 
SLBB4185V), Seleno-DL-methionine (SeMet) 
(S3875-100MG, Lot# BCBF9743V), Seleno-DL-
cystine (SeCys2) (S1650-100MG, Lot# 081M1191V), 
Protease from Streptomyces griseus (type XIV) 
(P5147-5G, Lot# SLBL3111V), Lipase from Candida 
rugosa (type VII) (L1754-25G, Lot# BCBH4811V), 
Hydrochloric acid TraceSELECT® (84415-500ML, 
Lot# BCBJ4990V), Trizma® hydrochloride (T-3250-
250G, Lot# 121K5414), Ammonium citrate dibasic 
(09831-500G, Lot# BCBH8904V), 
Tris(hydroxymethyl) aminomethane (154563-500G, 
Lot# MKBG5161V), Methanol TraceSELECT® 
(42105-1L, Lot# BCBH2902V) 
Standard Laboratories Pty Ltd, 
Australia 
Citric acid (A246-500G, Batch No. 543367) 
 
Note Description presented as chemical name (product number, batch or lot number) 
 
 
Table 6.4 Details of chemicals used for fat analysis 
 
Supplier Chemical(s) 
Merck, Germany Diethy ether (6.10094.2500, Lot# 38610) 
Ajax Chemicals, Australia Hydrochloric acid (A256-2.5L, Lot# AA505038), 
Hexane fraction (A251-2.5L, Lot# AH701048) 
 
Note Description presented as chemical name (product number, batch or lot number)  
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Table 6.5 Details of chemicals applied in vitamin E analysis 
 
Supplier Chemical(s) 
Sigma-Aldrich, USA L-Ascorbic acid (A7506-1KG, Lot# 096K0117), D-α-
Tocotrienol (T0452-10MG, Lot#SLBG8379V), D-δ- 
Tocotrienol (T0577-10MG, Lot# SLBD3686V), DL-α-
Tocopherol (4-7783-100MG, Lot# LC06378V), δ- 
Tocopherol (4-7784-100MG, Lot# LC02300V), γ-
Tocopherol (4-7785-25MG, Lot# LC07557V), rac-β-
Tocopherol (46401-U, 50mg/mL, Lot# LC07384) 
Merck, Germany Ethanol LiChrosolv® (1.11727.2500, Lot# K45361627-409), 
Acetonitrile LiChrosolv® (1.00030.2500, Lot# I712830-
340), n-Hexane LiChrosolv® (1.04391.4000, Lot# 
K42254291-116), Ethyl acetate LiChrosolv® (1.00868.2500, 
Lot# I726068-406), Methanol LiChrosolv® (1.06007.4000, 
Lot# I716507-345) 
Phenomenex, Australia Tocotrienol and tocopherol mixed solution standard (Part# 
ASB-00020329-001, Lot# 00020329-2980) 
Agilent, USA Hydromatrix (198003, Lot# 35505) 
Honeywell Burdick & 
Jackson, USA 
Dichloromethane (10071685, Lot# DI580) 
 
Note Description presented as chemical name (product number, batch or lot number)  
 
 
Table 6.6 Description of flour samples used for this study 
 
Flour Description  Supplier 
Laucke bread mix Bio-Fort Se 
Packed on 31.12.12, Batch No. 
636 
Laucke Flour Mills, 
Srathalybyn, South Australia 
Laucke bread mix Crusty white 
Packed on 31.05.13, Batch No. 
976 
Laucke Flour Mills, 
Srathalybyn, South Australia 
P-Farina Extra-white flour 
Packed on 16.1.13, Batch No. 
1754 
Allied Defiance, New South 
Wales  
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6.2 Apparatus and auxiliary equipment 
 
The items of equipment used, together with the details of manufacturers and model 
numbers are presented in Table 6.7. The HPLC instrumentation is described in Table 
6.8 and the columns and ancillary items used for HPLC are detailed in Table 6.9. 
 
Table 6.7 Description of general equipment and instrumentation 
 
Equipment Manufacturer Model details 
Analytical balance Sartorius Pty Ltd, Australia Cubis® MSU224S-000-
DULF 
SN: 26704474 
Pipettes Eppendorf South Pacific Pty Ltd, 
Australia 
Eppendorf Research® 
pH meter Hanna Instument, U-Lab 
instrument, Australia 
pH 211 microprocessor 
 
Centrifuge Boeckel + Co (GmbH + Co), 
Germany 
BOECO C-28 A 
Synergy® water 
purification system 
Merck Millipore Corp., Germany Ultrapure (Type 1) 
water  
SN: 1037677 
Syringe Terumo Corp., Philippines SS-05L 
Thermometer GH Zeal Ltd, UK L0157 
Vortex mixer Ratek Instruments Pty Ltd, 
Australia 
VM1 
SN: 810021841 
Water bath 
(thermostatically 
controlled) 
Ratek Instruments Pty Ltd, 
Australia 
SWB20D 
SN: 503131687 
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Table 6.8 Description of equipment and instrumentation used for noodle 
making 
 
Equipment Manufacturer/supplier Model number 
Kenwood mixer Kenwood Ltd, Britain KM210, 
Serial no. 0309397 
Noodle maker Domestic ‘spaghetti machine’ 
Imperia, Italy  
MOD 150, design no. 
1048534 
Cutting attachment for 
noodle maker 
Imperia, Italy MOD 150 
Kambrook deep fryer Kambrook distributing Pty Ltd. 
Australia 
KD 53 
Freeze dryer Operon Co Ltd, Korea FDB-5503 
Serial no. OPR-
20100929-E01 
Grinder  Falling Number AB, Sweden 3100 
Incubator SEM (SA) Pty Ltd, Australia Gravity and force 
convection model 16 
SN: 76056 
Homogeniser  Breville Pty Ltd, Australia BCG300 
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Table 6.9 Description of equipment and instrumentation used for Se 
analysis 
 
Equipment Manufacturer Model number 
Microwave-Accelerated 
Reaction System 
(MARS) 
CEM CORP., USA 
 
Mars X 
Serial no. MD7715 
(see also Table 6.10) 
ICP-MS Agilent Technology, Japan 7700x series 
G3281A 
SN: JP10470740 
(see also Table 6.11) 
HPLC Agilent Technology, Germany HP 1100 series 
G1380AA 
(see also Table 6.12) 
Nylon filter paper Fisher Scientific, USA 0.22 m, 47mm 
Cat. No. 1213769 
Borosilicate glass tube Kimble Chase, USA 16 x 100 mm 
PN: 73500-16100 
Cellulose acetate syringe 
filter 
Labquip Technologies, Australia 0.22m 
PN: SM02522 
 
 
Table 6.10 Description of MARS system components 
 
Equipment Manufacturer Model number 
Pressure sensor CEM Corp., USA ESP-1500 Plus 
Teflon vessels CEM Corp., USA OmniTM D S 
Temperature sensor CEM Corp., USA RTP-300 Plus 
SN: TFC1762E 
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Table 6.11 Description of ICP-MS system components 
 
Item Manufacturer Model number 
Auto Sampler Agilent Technology, Germany ASX-500 Series 
Data handling system Agilent Technology, USA MassHunter 
Workstation Software 
Version A.01.02 
Product no: G7201A 
 
 
Table 6.12 Description of HPLC system components 
 
Item Manufacturer Model number 
PRP-X100, 10m (4.1  
250 mm) 
Hamilton Company, USA 79433 
SN: 8279 
PRP-X100, 5m (4.6  
250 mm) 
Hamilton Company, USA 79181  
SN: 1029 
On-line vacuum 
degasser 
Agilent Technology, Japan G1322A 
SN: JP73017559 
Quaternary Pump Agilent Technology, Germany G1311A 
SN: DE91606853 
ALS autosampler Agilent Technology, Germany G1313A 
SN: DE91608853 
Data handling system Agilent Technology, USA ChemStation for LC 
3D systems 
Product no: B.04.01 SP1 
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Table 6.13 Description of equipment and instrumentation used for vitamin 
E analysis 
 
Equipment Manufacturer Model number 
HPLC Waters Australia Pty Ltd, NSW AcquityTM UPLC 
SN: C05UPT300M 
(see also Table 6.14) 
HPLC Shimadzu Corp., Japan  LC-10AD 
(see also Table 6.15) 
OriginPro OriginLab® Corp, USA Version 9.2 (2015) 
Oasis® HLB 6cc 
(200mg) extraction 
catridges 
Waters Australia Pty Ltd, NSW PN: WAT106202 
Lot 128A34254A 
Vacuum extraction 
manifold (20 port) 
Agilent Technology, USA PN: 5982-9120 
Stopcock valve Agilent Technology, USA PN: 12234520 
Accelerated solvent 
extractor  
Dionex Corp., USA ASE 200  
SN: 04100793 
Nylon filter paper Fisher Scientific, USA 0.22m, 47mm 
Cat. No. 1213769 
Cellulose acetate syringe 
filter 
Labquip Technologies, Australia 0.22m 
PN: SM02522 
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Table 6.14 Description of AcquityTM UPLC system components 
 
Item Manufacturer Model number 
Acquity UPLCTM BEH 
C18, 1.7m (2.1  50 
mm) 
Waters Australia Pty Ltd, NSW PN: 186002350 
Lot 0136161451 
Spectrofluorometric 
detector 
Shimadzu Corp, Japan RF-10A 
Column manager Waters Australia Pty Ltd, NSW PN: 176001285 
Sample manager Waters Australia Pty Ltd, NSW PN: 700002764 
Binary solvent manager Waters Australia Pty Ltd, NSW PN: 700002911 
Data handling system Shimadzu Corp, Japan Shimadzu Chemical 
Laboratory Analysis 
System & Software 
Class-LC10 
Version 1.60 
 
 
Table 6.15 Description of LC-10AD system components 
 
Item Manufacturer Model number 
SupelcosilTM LC-Si, LC-
18, 5m (4.6 mm x 25 
cm) 
Supelco Inc, USA 5-8298 
Communications bus 
module 
Shimadzu Corp, Japan CBM-10A 
Auto injector Shimadzu Corp, Japan SIL-10A 
Spectrofluorometric 
detector 
Shimadzu Corp, Japan RF-10A 
HPLC pump Waters Associates Inc, USA Waters 501 
Solvent delivery system Waters Associates Inc, USA M-45 
Data handling system Shimadzu Corp, Japan Shimadzu Chemical 
Laboratory Analysis 
System & Software 
Class-LC10 
Version 1.60 
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6.3 Laboratory procedures for manufacture and processing of Asian noodles  
 
6.3.1 Description of flour samples used in preparation of particular types of 
noodle samples in the laboratory 
 
A series of flour samples having different characteristics and suited to different end uses 
were purchased from retail stores, P-Farina, Crusty white and Bio-Fort Se, all located in 
Melbourne (compare with Table 6.6). These were used for the testing of Se and vitamin 
E as well as for the preparation of laboratory noodles. 
 
For the noodles analysis, a number of batches of the same noodle style were made and 
the samples of these batches were analysed at least in triplicate. The calculated averages 
of the results from the analysed data are presented in this report. 
 
6.3.2 General procedures applied in the preparation of noodle samples 
 
Noodle samples were prepared using procedures based on those described by Bui & 
Small (2008). All steps in the preparation of noodles were carried out in subdued 
lighting conditions in order to minimise the potential impact of light on the analytes of 
interest. The noodle making methods for the three styles generally involves four 
common steps: mixing, sheeting, cutting and drying. However, for instant noodles, 
steaming and frying steps were also required after cutting. The preparation of each of 
the three styles of noodles are described in detail as follows: 
 
6.3.3 Preparation of white salted noodles 
 
Ingredients used for white salted noodles 
White salted noodles were prepared from P-Farina, Crusty white and Bio-Fort Se flours. 
The basic ingredients used for making all WSN were: 300.0g flour, 108.0g water and 
9.0g common salt. In Bio-Fort Se flour formulation, 135.0g of water were added instead 
of 108.0g to achieve suitable dough consistency for the noodles preparation.  
 
Method for white salted noodles 
Mixing: The salt was first dissolved in the water and was then added to the flour over a 
period of 30 s in a Kenwood mixer set on speed one. Timing of mixing began when all 
the liquid had been added. The mixer was set at the lowest setting (speed 1) for 1 min 
Chapter 6 
 77
and was stopped to scrap down the dough material adhering to the bowl and beater. 
Following that, the speed of the mixer was increased steadily to setting 4 and allowed to 
mix for a further 4 min. After a total of 5 min mixing (1 plus 4 min), the resultant dough 
had a crumbly consistency similar to that of moist breadcrumbs. 
 
Rolling: The dough was formed into a dough sheet by a process of folding and passing 
through the rollers of the noodle machine several times. The rollers were set at the 
maximum gap available, corresponding to 2.7mm for this purpose. Typically three 
passes were required although up to 5 passes were used when necessary to achieve a 
uniform sheet held together as a single dough piece. This combined sheet was allowed 
to rest for 30 min in a sealed plastic bag covered with aluminium foil, to exclude light 
and prevent moisture loss after resting. The thickness of the sheet was reduced stepwise 
by passing between the rollers of the noodle machine. The roll gap settings used were: 
2.2, 1.8 and 1.4 mm. 
 
Cutting: The sheet was cut into strands using the cutting roll attachment of the noodle 
machine having a cutting width of 2.0mm. The noodle strands were then cut into 25cm 
lengths using a knife prior drying. 
 
Drying: The fresh noodles were arranged upon trays lined with aluminium foil. The 
noodles were placed loosely to facilitate effective drying and the trays were stored in a 
fan forced incubator at 40C for 24 h. Post drying, the product was then allowed to cool 
for 30 min in the ambient conditions of the laboratory prior to being placed in airtight 
plastic bags for storage. 
 
6.3.4 Preparation of yellow alkaline noodles 
 
Ingredients used for yellow alkaline noodles 
Yellow alkaline noodles (YAN) were prepared from P-Farina, Crusty white and Bio-
Fort Se flours. The ingredient formulation was: 300.0g flour, 108.0g water and 3.0g 
sodium carbonate. When Bio-Fort Se flour was used in the formulation, 135.0g of water 
were added instead of 108.0g to achieve suitable dough consistency for the noodles 
preparation. 
Chapter 6 
 78
Method for yellow alkaline noodles 
The procedure for making YAN was the same as that described above for WSN with the 
following modification: 
Mixing: sodium carbonate (rather than common salt used for white noodles) was 
dissolved in the required volume of water. 
 
 
6.3.5 Preparation of instant noodles 
 
Ingredients used for instant noodles 
Instant noodles (IN) were prepared from P-Farina, Crusty white and Bio-Fort Se flours 
The basic ingredients used to make IN were: 300.0g flour, 108.0g water, 0.3g sodium 
carbonate. In Bio-Fort Se flour formulation, 135.0g of water were added instead of 
108.0g to achieve suitable dough consistency for the noodles preparation. The oil used 
to deep fry the noodles was canola oil (Gold’n Canola, Goodman Fielder Ltd, 
Australia). 
 
Method for instant noodles 
The procedure for making IN was the same as that for YAN at the mixing and rolling 
steps. However, the resultant sheet was not rested but was immediately passed a further 
four times between the rollers to reduce the sheet thickness before cutting into noodle 
strands for the further preparation steps of steaming, frying and draining. 
 
Steaming: fresh noodles strands were placed in a steamer and steamed over vigorously 
boiling water for 2 min. These were then removed from the steamer and placed onto dry 
paper towel for 30 s.  
 
Frying: Following the steaming step, the noodles were then immediately placed into a 
wire basket and deep fried in canola oil for 45 s. The temperature of the oil was 
carefully checked and noodles were only placed into the oil once it had attained 150C. 
 
Draining and cooling: The fried noodles were removed from the oil using the wire 
basket and allowed to drain for 30 s. Noodles were then transferred to absorbent paper 
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and allowed to cool in a fume cupboard for 20 min prior to placing into a sealed bag for 
storage. 
 
6.4 General methods for characterisation of flours and noodle samples 
 
In the analysis of all samples, multiple analyses were carried as described for the 
individual analysis procedure. In all cases the results for at least duplicate measurements 
of individual samples were assessed statistically and are reported as the mean value  
standard deviation. In reporting data, the latter is abbreviated as sd and the number of 
replicate determinations is referred to as n. 
 
6.4.1 Moisture determination  
 
The moisture contents of samples (flours, doughs, dried noodles, steamed noodles, fried 
noodles, and cooked noodles) were measured following the air oven method (AOAC 
1990). For each sample analyses were carried out in duplicate. Empty aluminium 
moisture dishes with lids were first placed into a pre-heated oven set at 130 ± 3 C for 1 
h. The empty dishes were then taken from the oven and cooled in a desiccator 
containing active silica gel desiccant for a period of 20 min and then weighed. Sub-
samples (approximately 2.0g) were accurately weighed into the pre-weighed dishes. 
Then the covered dishes containing the samples were placed into the oven with the lids 
placed under the respective dishes and dried at 130 ± 3 C. The process of drying, 
cooling and weighing was repeated after 1 h until a constant weight was attained. The 
loss in weight was used to calculate the moisture content of the samples using the 
following equation: 
 
 
6.4.2 Measurement of the pH of flours and noodle samples  
 
The pH values of flour and noodle samples were determined by the AACC standard 
procedure (AACC 1994). The distilled water used for this purpose was boiled first and 
allowed to cool to 25C. A sample (10g) was thoroughly mixed in 100mL of the pre-
Moisture content =      
(%) 
Loss in weight of dish, lid and sample upon drying 
 100 
Initial weight of sample 
L
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boiled distilled water for 30 min on a magnetic stirrer. The mixture was then allowed to 
settle for approximately 10 min after which the supernatant liquid was decanted and 
tested with a calibrated pH meter. All analyses were carried out in triplicate. 
 
6.4.3 Measurement of fat in instant noodle samples 
 
A sample of ground instant noodle (approximately 2g) was transferred into a Mojonnier 
tube. HCl (15mL, 6M) was added carefully and the tube was heated for 30 min in a 
boiling (100°C) water bath. This was cooled to room temperature (~22°C) and followed 
by the fat extraction steps. 25mL diethyl ether and 25mL petroleum spirits were added 
consecutively into the cooled solution. The tube was then inverted three times and 
pressure released by lifting the lid. This step was repeated until no pressure built up, 
followed by vigorous shaking for 60 s. The contents formed two layers upon resting and 
the upper layer was decanted into a dry, pre-weighed evaporating dish. The decanted 
layer was then evaporated using a steam cone. The samples were extracted twice. This 
was dried in an oven (100°C) for 1 hour, cooled in a desiccator for 30 min and weighed. 
This process of drying, cooling and weighing was repeated until constant weight was 
obtained. 
 
Fat (%) was calculated as follows: 
 
 
Results were presented on an “as is” (fresh weight basis). 
 
6.5 Preparation of samples for Se and vitamin E analyses 
 
For analysis purposes, flours and noodle products were prepared as follows: 
 
Grinding 
All the noodles prepared in the laboratory were ground prior to extraction of Se and 
vitamin E. The dried form (white salted and yellow alkaline noodles) and the fried form 
(instant noodles) were ground using a domestic coffee grinder and stored in air right 
plastic bag at -18°C pending analysis. Flour samples were ground using the Falling 
Fat (%) = 
  
Weight of dried evaporating dish (with sample) – weight of 
empty evaporating dish   100 
 Initial weight of sample 
L
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Number 3100 mill and stored in air right plastic bag at room temperature pending 
analysis. 
 
Freeze drying 
All of the wet noodle samples (subsampled during noodle processing) were freeze dried 
to obtain low-moisture content samples for further analysis. For this, wet samples were 
immediately frozen at -40°C and placed in a controlled freeze dryer (-60°C). Freeze 
dried samples were ground in a coffee grinder and stored in air right plastic bag at -
18°C pending analysis.  
 
6.6 Procedures and calculations applied generally in the analysis of total Se 
 
No storage of partially treated samples was required for total Se analysis. For all sample 
extracts, at least duplicate determinations were carried out on the same day.  
 
6.6.1 Extraction of total Se from flour and noodle samples  
 
Microwave extraction 
Flour and noodle samples were extracted using procedures based on those described by 
Elis (2008). Representative samples (0.1g) were weighed into Teflon-lined Heavy Duty 
Vessels after which 1mL nitric acid, 1mL of hydrogen peroxide and 8mL of milli-Q 
water were added. Upon sealing the vessels, samples were digested in a microwave 
using a pre-set program as detailed in Table 6.16. Subsequently, extracts were made up 
to 25mL using milli-Q water with 1% methanol, filtered through 0.22μm cellulose 
acetate syringe filter and analysed by ICP-MS system (plasma conditions and 
acquisition parameters are presented in Table 6.17) 
 
Table 6.16 Microwave settings used in digestion of wheat flour for total Se 
analysis. 
 
Stage 1 2 3 
Power (W) 1200 1200 1200 
Temperature (ºC) 100 150 175 
Heating time (min) 5 5 3 
Holding time (min) 5 5 15 
Table 6.17 ICP-MS operating conditions and data acquisition parameters 
Chapter 6 
 82
 
Plasma parameters  
RF power (W) 
Plasma gas flow rate (L/min) 
Auxiliary gas flow rate (L/min) 
Carrier gas (L/min) 
1550 
15 
1 
1.03 
 
Data acquisition parameters 
Monitored isotope 
Points per peak 
Acquisition time per point (s) 
Replicates 
Sweeps/replicate 
78 
3 
0.99 
3 
40 
 
6.6.2 Preparation of solutions 
 
Preparation of standard Se 
 
Six different concentrations of Se standards were prepared and these included: stock 
solutions (1mg/L or 103ppb), standard solution I (2ppb), standard solution II (5ppb), 
standard solution III (10ppb), standard solution IV (20ppb), and standard solution V 
(50ppb). To each standard solution (I to V), methanol was added and Table 6.18 
presents the amounts added to each standard solution. 
 
Se stock solution (1mg/L or 103ppb): 10μL of the purchased standard solution (10000 
mg/L) were made up to 100mL in nitric acid (2% v/v). This solution was used to 
prepare the standard solutions and was stable for approximately 6 months at room 
temperature. 
 
Se standard solutions: stock solution and methanol were pipetted into 50mL volumetric 
flasks and made up with nitric acid (2% v/v). These solutions were prepared 
immediately prior to use. The amount of each solution added to the standard solutions is 
presented in Table 6.18. 
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Table 6.18 Se standard solutions used for ICP-MS 
 
Standard 0 I II III IV V 
Se stock solution (μL) 0 100 250 500 1000 2500 
Methanol (μL) 500 500 500 500 500 500 
 
 
6.6.3 Procedures used in the validation of total Se analysis methods  
 
In all cases, a variety of approaches were used to ensure the validity of the methods and 
the resulting analytical data. During the development and establishment of methods the 
initial approach was to measure certified standard solutions of Se. Secondly, the NIST 
standard reference samples were used and the results evaluated in relation to the 
specifications supplied with the sample (Table 6.2 the certified value). Lastly, stability 
of Se standard and extract solution was analysed by comparing two storage 
temperatures, 4C and room temperature. This evaluation considered storage periods of 
7 days. 
 
6.6.4 Calculation of detection limit (DL) for ICP-MS 
 
The DL is the concentration that is obtained when the measured signal differs 
significantly from the background. For the ICP-MS analysis this was calculated as 
follows: 
 
 
Where 
C1 = Concentration of the high standard 
C0 = Concentration of the blank 
I1 = Intensity of the high sample (count s-1) 
I0 = Intensity of the blank (count s-1) 
3 = Confidence factor 
σ = Standard deviation from a number of measurements of the blank (count s-1) 
DL = 
C1 – C0 
 3σ 
I1 – I0  
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6.6.5 Calculation of results for total Se contents 
 
The Se content of the samples were calculated using the certified standard. At both the 
start and end of a series of ICP-MS measurements, at least duplicate analyses of the 
standard test solutions were performed and the average peak areas were calculated. 
These were then compared with those of the sample test peak areas. For this 
comparison, the weighed portion, the amount of aliquot used and the dilutions were 
taken into account. Using a spreadsheet prepared in Microsoft® Excel® for Mac 2011 
software, the average peak areas obtained for the Se standard at different concentration 
were entered and calculations performed as follows: 
 
Preparation of standard curve 
Firstly, the intensity (count s-1) of the standard was used directly and plotted using the 
scatter option in the software with concentration of Se (ppb) on the x axis and the 
corresponding intensity (count s-1) on the y axis. A linear regression equation of the 
form [y = mx + c] typically gave the best statistical fit. In addition, the r2 value of each 
regression line was recorded and in all cases the r2 was greater than 0.98. 
 
Calculation of total Se contents 
The average intensity for each sample tested was then used in the calculation of Se 
concentrations of the sample solutions using the linear equations. The appropriate 
dilution factor was applied and allowance made for the original sample weight to 
express the result per g of sample. The following equation was used: 
Total Se content =   
(g/g)  
 
C  V 
W  1000  
Where 
C = The concentration of Se calculated from the standard curve (expressed in 
ppb) 
V = The final made up volume in mL 
W = Amount of sample originally weighed (expressed in g) 
1000 = Conversion factor so that result is expressed in g/mL 
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After determination of individual Se species contents, the data were expressed on a dry 
weight basis, following the calculation described in Section 6.6.6. 
 
6.6.6 Calculation of total Se content to a dry weight basis  
 
The results obtained for content of the total Se in flour and noodle samples were 
routinely adjusted by calculation to a dry weight basis. The purpose was to facilitate the 
direct comparison of the results particularly for different sample types. To facilitate this, 
all samples analysed for total Se were also tested for moisture content. The following 
general equation was applied: 
 
In all cases the data were recalculated to a dry weight basis (where the constant 
moisture figure is zero) so the equation was used in the form: 
 
 
6.6.7 Duplication and presentation of analytical results for total Se contents  
 
In the analysis of samples for total Se content, at least duplicate sub-samples of each 
sample were extracted. In addition, multiple analyses were performed on each extract 
obtained. The results of replicate analyses of each sample have been calculated and 
presented as mean values ± standard deviation (sd). These calculations were carried out 
using Microsoft® Excel® for Mac 2011 software. In the evaluation of results obtained 
when reference materials were repeatedly analysed, the coefficient of variability of a 
series of values was also calculated using the following formula: 
 
Total Se content = Se content             × 100 – constant moisture figure 
(adjusted to a constant 
moisture basis) 
(as is basis) 100 – actual moisture of sample 
Total Se content = Se content             × 100 
(adjusted to a dry basis) (as is basis) 100 – actual moisture of sample 
Coefficient of variability        = sd × 100 
(percent) mean value 
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6.7 Procedures and calculations applied generally in the Se speciation analysis 
 
No storage of partially treated samples was required for Se speciation analysis. For all 
sample extracts, at least duplicate determinations were carried out on the same day.  
 
6.7.1 Extraction of Se species from flour and noodle samples  
 
Enzymatic extraction 
Flour and noodle samples were extracted using procedures based on those described by 
Hart et al. (2011). The enzymatic hydrolysis was conducted by adding 5mL of 30mM 
Tris-HCl buffer solution (pH 7.5) containing 40mg of protease and 20mg of lipase to 
0.4g of sample. After 18h of incubation at 37°C, samples were centrifuged at 2100g for 
20 minutes. The supernatants were filtered through 0.22μm cellulose acetate syringe 
filter and analysed by HPLC coupled to ICP-MS. The mobile phase was 5mM 
ammonium citrate in 2% methanol with the chromatographic conditions as shown in 
Table 6.19. The ICP-MS system (plasma, reaction and data acquisition parameters) is 
presented in Table 6.20.  
 
Table 6.19 Chromatographic conditions for Se speciation by anion exchange 
HPLC 
 
Operating condition  
Flow rate (mL/min) 
Injection volume (µL) 
pH of mobile phase 
Column temperature (°C)  
1
100
5.21
25
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Table 6.20 ICP-MS operating conditions and data acquisition parameters 
 
Plasma parameters  
RF power (W) 
RF matching (V) 
Sampling depth (mm) 
Carrier gas (L/min) 
1600 
1.80 
8.0 
0.65 
 
Reaction parameters  
He gas (mL/min) 
Octopole bias (V) 
Octopole RF (V) 
QP bias (V) 
8.5 
-100 
200 
-93 
 
Data acquisition parameters 
Monitored isotope 
Integration time (s) 
Points per peak 
78 
0.75 
1 
 
 
6.7.2 Preparation of solutions  
 
Se species stock solution (106ppb): approximately 0.0250g of the purchased Se species 
standards (SeCys2, SeMeSeCys, selenite, SeMet and selenate) were dissolved with 
Milli-Q water and made up to 25 mL (except SeCys2 with 3% HCl). This solution was 
used to prepare the standard solutions and was stable for approximately 1 month at 4C. 
 
Se species mix stock solution (2500ppb, 5000ppb): 0.25mL of SeCys2 and 
SeMeSeCys, and 0.5mL of selenite, SeMet and selenate, were pipetted into 100mL 
volumetric flask and made up with Milli-Q water. This solution was prepared 
immediately prior to use 
 
Se species mix standard solutions: 0.05mL, 0.2mL and 0.5mL of the mix stock solution 
was pipetted into 50mL volumetric flasks and made up with Milli-Q water. These 
solutions were prepared immediately prior to use. 
 
Chapter 6 
 88
Preparation of mobile phase 
 
The mobile phase was prepared by dissolving ammonium citrate dibasic (5mM) in 
milli-Q water with methanol (2%), with its pH adjusted to 5.2 with citric acid (0.05M). 
This was then degassed and filtered with 0.22m nylon filter paper. 
 
6.7.3 Calculation of results for Se species contents 
 
The individual Se species content of the samples were calculated using the certified 
standards. At both the start and end of a series of HPLC-ICP-MS measurements, at least 
duplicate analyses of the standard test solutions were performed and the average peak 
areas were calculated. These were then compared with those of the sample test peak 
areas. For this comparison, the weighed portion, the amount of aliquot used and the 
dilutions were taken into account. 
 
Using a spreadsheet prepared in Microsoft® Excel® for Mac 2011 software, the average 
peak areas obtained for the individual standards at different concentration were entered 
and calculations performed as follows: 
 
Preparation of standard curve 
Firstly, the peak areas of individual standard was used directly and plotted using the 
scatter option in the software with concentration of individual Se species (ppb) on the x 
axis and the corresponding count on the y axis. A linear regression equation of the form 
[y = mx + c] typically gave the best statistical fit. In addition, the r2 value of each 
regression line was recorded and in all cases the r2 was greater than 0.98. 
 
Calculation of individual Se species contents 
The average peak areas for each sample tested were then used in the calculation of Se 
species concentrations of the sample solutions using the linear equations. The 
appropriate dilution factor was applied and allowance made for the original sample 
weight to express the result per g of sample. The following equation was used: 
 
Se species content =   
(g/g)  
 
C  V 
W  1000  
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Where 
C = The concentration of Se species calculated from the standard curve 
(expressed in ppb) 
V = The final made up volume in mL 
W = Amount of sample originally weighed (expressed in g) 
1000 = Conversion factor so that result is expressed in g/mL 
 
 
Conversion to express as Se 
 
Se species content =   
(g/g Se)  
 
C  M[Se] 
M[compound] 
 
Where 
C = The content of calculated Se (g/g) 
M[Se] = The molar mass of elemental Se  
M[compound] = 
The molar mass of the compound as stated on Se species standard 
label  
 
After determination of individual Se species contents, the data were expressed on a dry 
weight basis, following the calculation described in Section 6.6.6. 
 
6.8 Procedures and calculations applied generally in the analysis of vitamin E 
 
No storage of partially treated samples was required for vitamin E analysis. For all 
sample extracts, at least duplicate determinations were carried out on the same day.  
 
6.8.1 Extraction of vitamin E from flour and noodle samples  
 
Accelerated solvent extraction 
Flour and noodle samples were extracted using procedures based on those described by 
Buddrick, Jones, Morrison and Small (2013). Approximately 2.0g of sample were 
mixed with 0.05g of ascorbic acid and 1.9g drying agent (Hydromatrix celite). These 
were then placed in a 11mL stainless steel extraction cell and mounted in the carousel of 
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Dionex ASE 200 Accelerated Solvent Extractor equipped with solvent controller. The 
cell was extracted with 90% of hexane and 10% of ethyl acetate. The extraction 
program involved heating to a temperature of 80°C and pressurized at 1600psi. These 
conditions were maintained for 5 min followed by two static cycles for 10 min. The cell 
was then flushed for 60 s and purged for 120 s. The eluted extract was collected in a 
60mL glass vial and evaporated under nitrogen. This was then redissolved in 0.5mL 
ethanol, vortex-mixed, filtered through 0.22μm cellulose acetate syringe filter and 
analysed by HPLC. The mobile phase was acetonitrile and Milli-Q water (9:1 v/v) with 
the chromatographic conditions as shown in Table 6.21. 
 
Table 6.21 Chromatographic conditions for vitamin E analysis by RP-HPLC 
 
Operating condition  
Flow rate (mL/min) 
Injection volume (µL) 
Ex/Em (nm) 
Column temperature (°C)  
0.771
4
290/330
22
 
 
6.8.2 Preparation of solutions 
 
Preparation of standards of E vitamers 
 
Six different concentrations E vitamers standards were prepared and these included: 
stock solution, standard solution I, standard solution II, standard solution III, standard 
solution IV and standard solution V. 
 
E vitamers stock solution: 1mL of the purchased tocotrienol and tocopherol mixed 
solution standard were made up to 10mL in ethanol. The concentration of each vitamer 
is detailed in Table 6.22. This solution was used to prepare the standard solutions and 
was stable for approximately 1 month at -18C. 
 
E vitamers standard solutions: 0.05mL, 0.25mL, 0.5mL, 0.15mL and 0.25mL of the 
stock solution was pipetted into 5mL volumetric flasks and made up with ethanol. 
These solutions were prepared immediately prior to use. 
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Table 6.22 Concentration of E vitamers in the stock solution 
 
E vitamer Concentration (μg/mL) 
α-Tocotrienol 44.7 
β-Tocotrienol 13.5 
γ-Tocotrienol 46.7 
δ-Tocotrienol 41.4 
α-Tocopherol 46.3 
β-Tocopherol 20.3 
γ-Tocopherol 43.0 
δ-Tocopherol 42.3 
 
 
6.8.3  Evaluation of solid phase cartridge for preparation of vitamin extracts 
prior to HPLC analysis 
 
A solid phase cartridge Oasis HLB was used according to the procedure described in 
Irakli, Samanidou & Papadoyannis (2012). The sample investigated was the oil extract 
from the instant noodles made using Crusty white flour. The ASE extracted oil was 
dissolved in 4mL of ethanol and 2mL of Milli-Q water. These were passed through the 
solid-phase cartridge, which was first conditioned with 3mL of methanol and 3mL of 
Milli-Q water. After washing with 2mL of Milli-Q water, the retained constituent was 
eluted with 2mL of dichloromethane, followed by the evaporation under a gentle flow 
of nitrogen at 30°C. This was then redissolved in 0.5mL ethanol, vortex-mixed, filtered 
through 0.22μm cellulose acetate syringe filter and analysed by HPLC. The mobile 
phase was acetonitrile and Milli-Q water (9:1 v/v) with the chromatographic conditions 
as shown in Table 6.21. 
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6.8.4 Procedures used in preliminary comparison of HPLC methods for analysis 
of E vitamers 
 
For preliminary evaluation of HPLC condition for analysis of E vitamers, standards of E 
vitamers were analysed using two different phase of HPLC. The chromatographic 
conditions were summarised in Table 6.23. 
 
Table 6.23 Comparison of HPLC phases used for analysis of E vitamers 
 
HPLC phase Column Mobile phase Conditions 
NP-HPLC SupelcosilTM 
LC-Si, HPLC 
column, 5m 
(4.6 mm x 25 
cm) 
Ethyl acetate, acetic 
acid, n-hexane 1:1:198 
(v/v/v) 
Instrument: Shimadzu LC-
10AD 
Injection volume: 25L 
Flow rate: 1.5mL/min 
Reference: Buddrick 2013 
RP-HPLC Acquity 
UPLCTM BEH 
C18, 1.7m 
(2.1  50 mm) 
 
Acetonitrile and Milli-
Q water 9:1 (v/v) 
Instrument: Waters 
AcquityTM UPLC 
As in Table 6.21. 
Reference: Gledhill, 2006 
 
 
6.8.5  Deconvolution of peaks using OriginPro in vitamin E analysis by RP-HPLC 
 
OriginPro is software by OriginLab® which was used to perform peak deconvolution in 
the vitamin E analysis. In the RP-HPLC, even though β- and γ- tocopherols and 
tocotrienols were unresolved, all the tocotrienols including α and δ were not baseline 
separated. The Peak Analyzer tool was used with the goal set at Fit Peaks (Pro). The 
results of deconvoluted peaks were compared to those obtained from the original 
chromatograms involving the overlapped peaks.  
 
6.8.6 Calculation of results for individual E vitamers 
 
The individual E vitamers content of the samples were calculated using the certified 
standards. At both the start and end of a series of HPLC measurements, at least 
duplicate analyses of the standard test solutions were performed and the average peak 
areas were calculated. These were then compared with those of the sample test peak 
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areas. For this comparison, the weighed portion, the amount of aliquot used and the 
dilutions were taken into account. 
 
Using a spreadsheet prepared in Microsoft® Excel® for Mac 2011 software, the average 
peak areas obtained for the individual standards at different concentration were entered 
and calculations performed as follows: 
 
Preparation of standard curve 
Firstly, the deconvoluted peak areas of individual standard was used directly and plotted 
using the scatter option in the software with concentration of individual vitamin 
(g/mL) on the x axis and the corresponding peak areas on the y axis. A linear 
regression equation of the form [y = mx + c] typically gave the best statistical fit. In 
addition, the r2 value of each regression line was recorded and in all cases the r2 was 
greater than 0.98. 
 
Calculation of individual vitamin contents 
The average peak areas for each sample tested were then used in the calculation of 
vitamin concentrations of the sample solutions using the linear equations. The 
appropriate dilution factor was applied and allowance made for the original sample 
weight to express the result per g of sample. The following equation was used: 
 
Vitamin content   =  
(g/g)  
 
C  V 
W 
 
Where 
C = The concentration of E vitamer calculated from the standard curve 
(expressed in g/mL) 
V = 
The volume of ethanol used to redissolve the extract obtained using ASE 
(mL)  
W = The amount of sample originally weighed (expressed in g) 
 
After determination of individual vitamin contents, the data were expressed on a dry 
weight basis, following the calculation described in section 6.6.6. 
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Calculation of total vitamin E as α-T equivalent  
 
The biological activity of vitamin E has been defined in terms of α-tocopherol 
equivalents (α-TE). Table 6.24 summarises the activity of the other E vitamers as α-TE 
(Bramley et al., 2000) and these were used in calculating the biological activity values 
presented in this thesis. 
 
Table 6.24 The biological activity of the E vitamers (α-TE) 
 
Vitamer Activity (α-TE) 
α-T  1.0 
(β+γ)-T  0.3 
δ-T  0.03 
α-T3  0.3 
(β+γ)-T3  Insignificant 
δ-T3 Insignificant 
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Chapter 7 
 
Validation of procedures for extraction and quantitation of 
total Se from flour and cereal based foods 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
evaluation of procedures for determination of total Se in flour and Asian noodles. 
 
7.1  Introduction 
 
In reviewing procedures for analysis of total Se (Chapter 2), various published methods 
identified as having potential application to grain based foods and have been 
investigated and evaluated for the current study. Sample analysis and treatment 
techniques were trialled in these experiments to generate accurate and precise analytical 
methodologies. The overall objective has been to determine the total Se in wheat flours 
and wheat based foods; and to investigate any apparent changes during the processing 
of Asian noodles. In the initial phase of the current study, extraction procedures by 
microwave-assisted digestion and quantitation by ICP-MS have been evaluated for this 
purpose. 
 
7.2  Evaluation of ICP-MS detection for total Se 
 
ICP-MS is a powerful detector for elemental analysis and is more sensitive than other 
detectors including AAS and ICP-OES (B’Hymer & Caruso, 2006). The identification 
of the element is based on the “mass/charge” ratio of the ions. Since Se has six different 
isotopes (Se74, 76, 77, 78, 80, 82) with varying abundance, the choice was made based on the 
isotopic abundance and the spectral interference generated by the formation of 
polyatomic ions in the plasma of Argon.  
 
With conventional ICP-MS (quadrupole filter without collision/reaction cell system) 
difficulties may be encountered in Se determination due to argon polyatomic 
interfereneces especially 40Ar40Ar+ and 40Ar38Ar+ dimers (Bueno, Pannier & Potin-
Gautier, 2007). This has prevented Se determination from its most abundant isotopes 
Se80 (49.6% abundance) and Se78 (23.5% abundance), and thus Se82 (9.2% abundance) 
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is generally monitored, although it is less abundant, as less interference occurs. 
Polyatomic issues can be eliminated to a certain extent, with a collision/reaction cell 
(CRC) or interference (CRI) which injects a specific gas into the ionic beam post 
plasma (Thiry et al., 2012).  
 
In the current study, the ICP-MS instrument (Agilent 7700x) has been used and this 
incorporates the ORS (Octopole Reaction System) using the helium mode to remove 
spectral interferences that might otherwise bias results. It is noted that this enhancement 
with ORS is may be mitigated by hydrogen or impurities contained in gases that can 
cause hydride formation from elements including bromide, Se or arsenic (Bueno et al., 
2007). Accordingly, Se78 is monitored to avoid misinterpretation of the results and 
eliminate the need for correction equations. In the current study, and as a part of the 
peliminary evaluation, a series of standard Se solutions were analysed by ICP-MS and 
the typical standard curve obtained is shown in Figure 7.1. It is a linear relationship (R2 
> 0.99) and detection limit of the analysis was found to be a suitably low value of 
0.03924ppb.  
 
 
Figure 7.1 A typical standard curve for total Se analysed using ICP-MS 
 
 
During the analyses of Se, internal standards (ISTD) comprising germanium and 
rhodium were added online and their recoveries were monitored as a means of assessing 
instrument performance. The absolute long term stability (absence of drift) is measured 
y = 819.84x + 362.42
R² = 0.99958
DL = 0.03924 ppb
0.0E+00
1.0E+04
2.0E+04
3.0E+04
4.0E+04
5.0E+04
0 10 20 30 40 50 60
78
S
e 
co
u
n
ts
 s
-1
Se Concentration (ppb)
Chapter 7 
 
 97
by comparing the responses of the internal standard from the begining of an analysis 
sequence to the end. A typical recovery graph for these internal standards in the analysis 
by ICP-MS, following normalisation to the calibration blanks, is presented in Figure 
7.2. For each of the samples within the run, the internal standard response is within ± 
50% in comparison to the calibration blank. The generally flat slope of the internal 
standard recovery curve confirms that there was no gradual loss of sensitivity over time.  
 
 
 
Figure 7.2 ISTD stability of ICP-MS instrument 
 
 
7.3 Evaluation of sample extraction and validation of ICP-MS analysis for 
total Se determination  
 
The procedure for total Se determination involved a series of preparation steps. Wheat 
flour samples were ground using a Falling Number 3100 mill followed by very 
thorough manual homogenisation prior to weighing to achieve representativity of the 
resultant material in relation to the original samples. Digestion procedures were then 
applied in order to release Se from the sample matrix into a liquid form for subsequent 
analysis. Microwave-assisted extraction has been recognised as an efficient and suitable 
procedure for the isolation and recovery of labile components from complex matrices 
(Mesko et al., 2011). For this, particles are heated uniformly by microwaves and it is 
possible to control the conditions by adjustment of the power levels, exposure times and 
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the number of repeats of irradiation so as to avoid undesirable effects of higher 
temperatures. Elis (2008) investigated the optimisatio of microwave-assisted digestion 
of wheat flour and used nitric acid and hydrogen peroxide of wheat flour. The optimum 
combinations of the variables studied were 1mL of nitric acid, 1mL of hydrogen 
peroxide as well as 0.1g sample size and the digested samples were analysed by ICP-
MS. 
 
For the purposes of the current study, a wheat-based certified reference material (NIST 
1567a) was analysed to validate the procedure for total Se determination in cereal based 
foods. For analyses of this reference sample, the mean value obtained for Se (1.12 ± 
0.02 μg/g) is within the range of the certified value (1.1 ± 0.2 μg/g Se) provided with 
the sample by NIST, and good precision was also achieved (Table 7.1). The current 
results have confirmed the suitability and adequacy of the microwave digestion along 
with ICP-MS detection in determining total Se of cereal based foods. The microwave 
digestion procedure for the current study has shown minimal Se loss, which is in 
agreement with the study conducted by B’Hymer and Caruso (2000).  
 
Table 7.1 Method validation using NIST srm1567a (n = 6) 
 
Description Value 
Certified value (μg/g) 1.1 ± 0.2 
Result obtained (μg/g) 1.12 ± 0.02 
Standard deviation 0.02 
Relative precision (%) 2.0 
 
 
7.4 The stability of extracted samples  
 
The stability of Se in the sample extracts of interest is important to obtaining reliable 
results. It has been reported that storage conditions may affect the accuracy of the 
results for various reasons including volatilisation, adsorption, precipitation, interaction 
with the container material, microbial activity and temperature (Moreno et al., 2002). 
Accordingly, stability of extracts was also evaluted here: a series of Se standards were 
stored at room temparature in the absence of light, and analysed after seven days and the 
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results on retention of Se standards at various concentrations are presented in Figure 
7.3. The results demonstrate that the Se standards are stable during 1 week of storage at 
room temperature, in the absence of light.  
 
 
 
Figure 7.3 Stability of Se standards during 1 week storage 
 Note Conditions involved room temperature and absence of light 
 
 
This was followed by evaluation of Se stability in extracts prepared from samples. For 
this, one sample of flour was selected along another from a processed noodle: extracts 
from Bio-Fortified flour and WSN noodle samples were stored at room temperature and 
4°C, in the absence of light, for 7 days. The results obtained were considered in relation 
to those from extracts analysed immediately following digestion. The changes in the 
meaured values for total Se with time for the two storage temperatures for the digested 
samples are presented in Figure 7.4. The were no significant differences observed (p > 
0.05) for the storage temperatures of room temperature and 4°C, and the retention of Se 
for both Bio-Fortified flour and WSN noodle samples were at least 92%. 
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Figure 7.4 Stability of samples during 1 week of storage 
 Note Absence of light 
 
 
7.5 The preparation of three styles of Asian noodles in the laboratory 
 
Laboratory methods for noodle preparation were selected and applied to reflect typical 
commercial formulations and processing practices for the three primary styles of 
noodles. The procedures were based upon published procedures (Bui & Small, 2008) 
and are described in detail in Chapter 6. Samples of each style of noodles prepared in 
the laboratory were analysed for moisture content and the results are presented in Table 
7.2. These data show relatively little variation in moisture contents of the three styles of 
noodles prepared from each type of flours. The primary value of these results has been 
in the calculation of results for micronutrients to a dry matter basis. These calculations 
were used in all subsequent phases of this research in order to facilitate the direct 
comparison of results.  
 
A further issue considered here is the fat content of noodles. This only relates to instant 
noodles and so the products prepared from each type of flour were also analysed and the 
results are presented in Table 7.3. These values reflect the fat uptake during frying and 
this is expected to vary between the type of flour used in the preparation. The results 
will be used in the calculation of results to a fat corrected basis. These calculations were 
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also used in all subsequent phases of this research in order to facilitate comparison of 
results. 
 
Table 7.2 Moisture of the three different flours and three types of noodles 
prepared from them 
 
Description P-Farina Crusty white Bio-Fort Se 
Flour 12.8 ± 0.2 13.1 ± 0.1 11.7 ± 0.1 
WSN 6.3 ± 0.1 5.9 ± 0.1 6.34 ± 0.08 
YAN 6.7 ± 0.1 7.03 ± 0.07 6.8 ± 0.1 
IN 8.6 ± 0.2 7.0 ± 0.1 5.8 ± 0.2 
 
Note Results are the mean of duplicate analyses, expressed as mean ± sd in units of g per 100g 
 
 
Table 7.3 Fat content of the instant noodles prepared from three types of flour 
 
Sample Fat content 
P-Farina IN 17.01 ± 0.2 
Crusty white IN 15.82 ± 0.2 
Bio-Fort Se IN 20.65 ± 0.5 
 
Note Results are the mean of duplicate analyses and are expressed as mean ± sd in  
units of g per 100g 
 
 
7.6 Total Se content of wheat flours and Asian noodles  
 
There is relatively little published data on the effect of processing on retention of Se in 
foods. Although it might reasonably be expected that no changes in total Se might 
occur, in the current study, the three styles of noodles prepared from three different 
flours were analysed to determine the impact of processing steps on Se retention. The 
three different flours used were al Australian commercial flours, selected so that their 
protein content and general processing characteristics were suitable for processing of 
Asian noodles. The first two flours, P-Farina and Crusty white, were white flours. The 
third flour used (Bio-Fort Se) was selected on the basis that it had been biofortified with 
Se. It is noted that this was a wholemeal flour made from tritcale, which is a unique 
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grain derived from wheat and rye and as such would not normally be utilised for 
production of noodles. However, it was chosen because the purpose of these evaluations 
included a comparison of non-fortified and biofortified flours. The total Se content of 
these three flours were analysed and the data are presented in Table 7.4. The results 
show that the biofortified flour contained at least eleven times more Se than the 
unfortified flours.  
 
Table 7.4 Se content of wheat flour samples 
 
Sample Total Se content 
P-Farina flour 0.16 ± 0.01 
Crusty white flour 0.106 ± 0.007 
Bio-Fort Se flour 1.87 ± 0.05 
 
Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight basis 
 
A series of Asian noodles were prepared in the laboratory and their total Se contents 
were determined and presented in Figures 7.5, 7.6 and 7.7. The data was subjected to 
statistical analysis using ANOVA to determine if the apparent differences are 
significant. The Se content of WSN and YAN for the three types of flours were not 
significantly different from the Se content in the raw material (the flour) (p > 0.05). On 
the contrary, significant difference is observed for IN processing for the three types of 
flours (p < 0.05).  
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Figure 7.5 Se contents for noodle samples prepared from P-Farina flour 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight 
basis 
 
 
 
 
Figure 7.6 Se contents for noodle samples prepared from Crusty white flour 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight basis 
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Figure 7.7 Se contents for noodle samples prepared from Bio-Fort Se flour 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight basis 
 
 
Firstly, it is noted that all  of the results presented here are expressed on a moisture free 
basis, however, a significant amount of fat was also recovered from the IN and this has 
influenced the interpretation of the results presented In Figure 7.7 for IN. Upon re-
calculation of the results to take into account of fat uptake during the frying stage of IN 
preparation, the results indicated there is no significant loss of total Se during IN 
processing for each of the three flours analysed (p > 0.05) (Figure 7.8, 7.9 and 7.10). 
The results demonstrate that, overall, there was no appreciable loss of Se occuring 
during the processing of WSN, YAN and IN. These findings appear to be consistent 
with those in the study conducted by Garvin, Hareland, Gregoire and Finley (2011), in 
which there were no significant differences in Se concentration between the bread and 
flour from which it was baked, for either low or high Se wheats. Therefore, initial flour 
Se content is a good predictor of noodles Se content over a range of flour Se levels.  
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Figure 7.8 Se contents for noodle samples prepared from P-Farina flour after 
adjustment for fat uptake 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight basis 
  FC: fat uptake correction 
 
 
 
Figure 7.9 Se contents for noodle samples prepared from Crusty white flour flour 
after adjustment for fat uptake 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight basis  
  FC: fat uptake correction 
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Figure 7.10 Se contents for noodle samples prepared from Bio-Fort Se flour flour 
after adjustment for fat uptake 
 Note Results are presented as mean ± sd and are expressed as μg/g on a dry weight 
basis  
  FC: fat uptake correction 
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7.7 Conclusions from the investigation of procedures for total Se analysis and 
summary of results for total Se in three styles of Asian noodles 
 
In a series of preliminary studies, methodologies based upon microwave digestion for 
sample extraction followed by detection by ICP-MS for total Se analysis were 
evaluated. These procedures were validated using wheat-based reference materials and 
Se was extracted using closed-vessels microwave digestion with nitric acid and 
hydrogen peroxide. Monitoring of the isotope Se78 was selected for the analysis by ICP-
MS to eliminate the need for correction equations. The high retention of Se standards 
and food samples after 7 days of storage indicates the stability of Se prior to instrument 
analysis. These findings provided a procedure considered suitable for determination of 
total Se in cereal grain foods.  
 
The overall conclusions from the analysis of total Se in the current study are the level of 
Se in the biofortified flour is eleven times higher than the unfortified flours. Three styles 
of Asian noodles were prepared in laboratory and the stability of Se during their 
processing were evaluated. The findings showed thay there is no significant loss of total 
Se during WSN and YAN processing. Apparent losses were initially observed during IN 
processing. However, when the uptake of fat during deep frying was taken into account, 
there is also no significant loss of total Se during IN processing. It has been calculated 
on the basis of the results obtained here, that consumption of noodles (typical serving 
size of instant noodle is 70g) prepared from the biofortified flour would provide 165% 
of the current RDI for Se in Australia (adults), in comparison with only 10-15% of the 
RDI for noodles prepared from the unfortified flours.  
 
Chapter 8 
 
 108
Chapter 8 
 
Evaluation of procedures for extraction and quantitation of 
Se species from flour and Asian noodles 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
evaluation and optimisation of procedures for the Se speciation analysis in wheat flour 
and selected cereal-based foods. 
 
8.1  Introduction 
 
Se exists in a series of oxidation states and a variety of inorganic and organic 
compounds, with each one appearing to provide different benefits for living organisms 
(Vale et al., 2010). In addition, the bioavailability of Se depends on its chemical form in 
foods. Se speciation analysis involves some form of separation technique combined 
with a specific and sensitive detection system (B’Hymer & Caruso, 2006). To perform 
this, extraction methods adopted must be efficient in extracting Se from the sample 
matrix without altering the individual Se species or chemical form under the particular 
extraction conditions. 
 
The phase of the current study described inthis chapter consists of the investigation and 
evaluation of selected published methods for their potential application to grain based 
foods. In addition, comparisons of various approaches to extraction, along with mobile 
phases and analytical columns were carried out. The overall objective has been to 
establish reliable procedures for extraction and quantitation of Se species in flour and 
flour based foods.  
 
8.2  Selection of a suitable method for Se speciation analysis 
 
In reviewing procedures for analysis of Se speciation (Chapter 2) it was evident that a 
wide variety of procedures have been reported. The first objective of the phase of the 
current study was to select a method suitable for the determination of Se species in 
wheat flour. The major form of Se in wheat flour is reported to be SeMet (Hart et al., 
2011; Huerta et al., 2003; Warburton & Geonaga-Infante, 2007), and the initial 
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emphasis is on the determination of the five Se species that have recently reported to 
predominate in in wheat-based foods. These species are selenite, selenate, SeCys2, 
SeMeSeCys and SeMet. The use of HPLC for separation, coupled with ICP-MS as the 
detector has recently enabled the development of sensitive methods for the 
determination of Se species as the preferred approach research on various foods. 
Accordingly, the method by Hart et al. (2011) was selected as the starting point for the 
evaluations reported here. 
 
8.3  Preliminary evaluation of an HPLC method for speciation of Se 
 
For HPLC, an anion exchange separation was performed with a stationary phase PRP-
X100 column (Hamilton, 10μm particle size). This column has strongly basic 
quaternary ammonium groups as exchange sites, which are bound to the polymeric 
stationary phase (Stadlober, Sager & Irgolic, 2001). The negatively charged compounds 
will interact with the quaternary ammonium sites, whereas the lipophilic Se compounds 
are more likely to be attracted to the hydrophobic backbone of the stationary phase. A 
number of the common Se species are amphoteric and thus can be present in solution as 
cations, anions or zwitterions (Stadlober et al., 2001; Vale et al., 2010). Therefore the 
pH of the mobile phase will determine the retention behaviour of these compounds. 
 
The method described by Hart et al. (2011) utilised a mobile phase of 5mM ammonium 
citrate in 2% methanol with gradient elution. The method was adapted from that of 
Huerta et al. (2003), who also trialled isocratic elution for samples extractred from 
yeast. Therefore, for the current study isocratic elution was considered and a series of 
mobile phase with different pH were evaluated for the separation and quantitation of the 
five forms of Se using ICP-MS as the detector. The pH values studied were 1) 5.0 
(Huerta et al., 2003); 2) 5.2 (Bueno et al., 2007); and 3) 6.4 which was chosen in order 
to evaluate the effect of higher pH.  
 
Typical chromatograms for the mixture of standards of the Se species, for each of the 
three different pH are presented in Figure 8.1, in which the mobile phase consisted of 
5mM ammonium citrate in 2% methanol as mobile phase. In each case, the order of 
elution was SeCys2, SeMeSeCys, selenite, SeMet followed by selenate. The runtime 
required for the elution of all five species varied, so that with increasing of pH resulting 
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in a decreasing of the time period involved. The retention behaviour of the organic Se 
compounds (SeCys2, SeMeSeCys and SeMet) for pH 5.0 and 5.2 is similar, whereas the 
inorganic selenite and selenate differed.  
 
These inoganic Se compounds eluted earlier at pH 5.2 than for pH 5.0, with elution of 
selenate showing even greater change. The shift in these two inorganic compounds 
gives the pH 5.2 a higher resolution (since the separation of selenite and SeMet are 
enhanced) and and there are lower retention times (selenate eluted earlier). At pH 6.4, 
retention times of all of species, have shifted in comparison to those observed at pH 5.0: 
the organic Se compounds are eluted later and the inorganic forms are eluted earlier. 
This resulted in all of the five peaks merging closer to one another, with lower 
resolution than for the other two pH values (5.0 and 5.2). The current observations on 
the dependence of retention times of these Se compounds extend those discussed much 
earlier by Stadlober et al. (2001). On the basis of the current results, 5mM ammonium 
citrate in 2% methanol adjusted to pH 5.2 was chosen as the mobile phase for the 
subsequent analyses.  
 
In an attempt to achieve baseline separation of all the five Se compounds of interest, a 
smaller particle size of the column packing materials was trialled. The Hamilton PRP-
X100 column with 10μm particle size that was used in the previous trial would be 
compared to the 5μm size, with all other chromatographic conditions remained the 
same. Figures 8.2 and 8.3 show the typical chromatograms obtained for the two 
columns. An increase in resolution is clearly evident with decreasing particle size. 
Although these two columns are packed with the same media, the decreasing particle 
size leads to an increase in efficiency and therefore higher resolution. The retention time 
is also affected by the change in column particle size, with smaller particle size resulting 
in longer run time. All of the Se species ran on the 5μm size were eluted later than those 
for those for the 10μm size. Despite the longer run time, the Hamilton PRP-X100 
columns with 5μm particle size was chosen because of the higher resolution achieved. 
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Figure 8.1 Chromatograms of Se mix standards pH 5.0; 5.2 and 6.4 (from top) 
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Figure 8.2 Typical chromatogram obtained using column with 10μm particle size
 Note Se mixed standards were separated using a Hamilton PRP-X100 column  
 
 
 
Figure 8.3 Typical chromatogram obtained using column with 5μm particle size
 Note Se mixed standards were separated using a Hamilton PRP-X100 column 
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detection limits obtained for each of the species are tabulated in Table 8.1, and these 
values showed the sensitivity of the ICP-MS as a detector for the speciation analysis. 
 
 
 
Figure 8.4 Standard curve of SeCys2 analysed using HPLC-ICP-MS 
 
 
Figure 8.5 Standard curve of SeMeSeCys analysed using HPLC-ICP-MS 
 
 
Figure 8.6 Standard curve of Selenite analysed using HPLC-ICP-MS 
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Figure 8.7 Standard curve of SeMet analysed using HPLC-ICP-MS 
 
 
 
Figure 8.8 Standard curve of Selenate analysed using HPLC-ICP-MS 
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Table 8.1 Detection limits for the five Se species  
 
Sample Detection limit (ppb) 
SeCys2 0.44 
SeMeSeCys 0.68 
Selenite 0.72 
SeMet 1.42 
Selenate 1.65 
 
Notes DL values have been calculated using the data for the highest concentrations 
for each the standards 
 
 
8.4  Evaluation of sample extraction procedures 
 
Enzymatic approaches to extraction have been chosen most frequently for speciation 
analyses of Se from a variety of food matrices as these offer minimum likelihood of 
species transformation while allowing relatively high extraction efficiencies (Thiry et 
al., 2012). The method described by Hart et al. (2011) involves enzymatic digestion 
using two enzyme preparations, a protease and also a lipase for 18 hours at 37°C. 
However, in considering these procedures for evaluation it has been noted that enzymes 
are generally affected by changes in pH and have optimum pH, whereby the enzyme is 
most active, reflecting the proteinaceous nature of these natural catalysts.  
 
The first step taken here was the measurement of the pH of each of the samples selected 
for study and the results are presented in Table 8.2. The three types of flours, P-Farina, 
Crusty white and Se Bio-Fort, have similar pH range. The WSN and IN prepared from 
these flours also exhibit similar pH values (since both P-Farina and Crusty white flours 
were similar in their pH, no measurements were made for noodles prepared from P-
Farina). As expected, the YAN samples both have high pH values due to the addition of 
alkaline salts in their preparation. Since these samples vary in their pH, it is necessary to 
evaluate the pH of each sample to ensure that the enzymes are operating in their stable 
pH. One flour type was chosen to assess this and Table 8.3 shows the pH of the digested 
samples. The pH range of the digested samples are between 5.5 – 7.5 and these are 
within the pH values over which the enzymes protease and lipase show high stability as 
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well as activity. These values obtained also provide confirmation of the suitability of the 
selected buffer for the enzymatic extraction. 
 
Table 8.2 The pH values of the flours as well as the corresponding noodle samples 
prepared from them  
 
Sample pH 
Crusty white flour 5.80 
Crusty white WSN 5.92 
Crusty white YAN 10.13 
Crusty white IN 6.35 
P-Farina flour 5.75 
Bio-Fort Se flour 5.65 
Bio-Fort Se WSN 5.66 
Bio-Fort Se YAN 9.68 
Bio-Fort Se IN 5.81 
 
 
Table 8.3 pH of the digested Bio-Fort Se flour and noodles 
 
Sample pH 
Protease and lipase buffer 7.07 
Bio-Fort Se flour  6.12 
Bio-Fort Se WSN  6.12 
Bio-Fort Se YAN  6.23 
Bio-Fort Se IN 5.81 
 
Note Bio-Fort Se samples were incubated with protease and lipase  
 
 
Enzymatic hydrolysis of wheat-based foods with protease and lipase were evaluated for 
its recoveries from the food matrices. Total Se was determined in the extracts to 
evaluate the yield of the enzymatic hydrolysis in both Bio-Fort Se flour and YAN, 
chosen on the basis that these are of a pH different from most of the samples being 
investigated. It is also noted that to calculate the extraction recovery of each sample, the 
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sum of Se species in the extracts was divided by the total Se measured as total Se using 
to analysis involving microwave digestion. The results are shown in Figure 8.9, with 
values of 76 ± 5% and 72 ± 2% for Bio-Fort Se flour and YAN respectively. These 
values are in good agreement with the reported extraction efficiency values as recently 
reviewed in Thiry et al. (2012).  
 
 
 
Figure 8.9 Extraction efficiency of enzymatic hydrolysis in wheat-based foods 
 
To further evaluate the enzymatic hydrolysis procedures, total Se by microwave 
digestion was applied to the incubated samples at different stages prior to HPLC-ICP-
MS analysis. The use of HPLC requires some preliminary steps to clean up the extracts 
before injection. Post overnight incubation, samples were centrifuged and filtered 
through 0.22μm filter. Figure 8.10 shows the recoveries of these samples in comparison 
to direct digestion of sample by microwave digestion. The recoveries between those 
filtered and unfiltered were not significantly different (p > 0.05), indicating that no 
losses of Se was evident during sample cleaning step. A similar observation was also 
reported in the study conducted by Vale et al. (2010). 
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Figure 8.10 Effect of filtration during sample preparation prior to HPLC 
 
In an attempt to further increase extraction efficiency of the enzymatic hydrolysis, the 
additional application of a third enzyme. α-amylase was evaluated based on the 
prevalence of starch in wheat. A study conducted by Cubadda et al. (2010) also 
employed α-amylase in cereal-based foods in addition to protease. For these purposes, 
in the current work, the Bio-Fort Se flour was chosen to asses the effect of different 
enzymes on Se extraction. The pH of incubated samples with the enzymes of interest 
were firstly assesed to ensure the conditions are suitable for the functionality of the 
enzymes. The results are tabulated in Table 8.4, and these do confirm their suitability. 
Various combinations of the enzymes were trialled and the results are calculated in 
relative to those obtained with protease alone. Figure 8.11 shows that protease in 
addition with lipase and α-amylase did not increase the extraction efficiency of Se from 
wheat flour. These findings confirms that Se in wheat are primarily protein bound 
(Lyons et al., 2004). 
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Table 8.4 pH of Bio-Fort Se flour incubated with one or more enzymes 
 
Sample pH 
Bio-Fort Se flour + protease 6.73 
Bio-Fort Se flour + protease and lipase 6.12 
Bio-Fort Se flour + protease and α-amylase 6.68 
Bio-Fort Se flour + protease, lipase and α-amylase 6.55 
 
 
 
Figure 8.11 Extraction efficiency of enzymatic hydrolysis of Bio-Fort Se flour 
when applying different combinations of enzyme in comparison to 
protease alone 
 
 
Instant noodles are high in fat and therefore it was decided to specifically consider and 
compare the use of lipase in addition to protease for Se extraction from the food matrix. 
The results are shown in Figure 8.12 and these indicate that there is no increase in 
recovery as a result of incorporation of lipase to protease during sample extraction stage 
for these noodle samples.  
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8.5 The stability of Se species in extracted samples 
 
Evaluation of Se species stability is important if reliable information is to be obtained 
during speciation analysis. Previously the stability of Se species had been reported to be 
dependent on the matrix, concentration level and the particular treatment followed 
during the sample analysis (Moreno et al., 2002). Therefore in the context of the current 
study, it was considered important to perform a series of stability studies. So two 
different samples were chosen to be representative for the whole study and these were 
the purchased Se standards and Bio-Fort Se WSN. The basis for these was that the Se 
standards were to be run during eachbatch of analyses for every trial and the noodle 
sample served as an example of a series of analyses involving enzymatic treatments. 
 
 
Figure 8.12 Extraction efficiency of enzymatic hydrolysis of Bio-Fort Se IN when 
applying lipase in addition to protease alone
 
The results obtained (Figure 8.13) show that the Se standards are relatively stable during 
storage for 7 days, both at room temperature (RT) and 4°C. However, there is a slight 
decrease in SeMet and increase in SeCys after 7 days indicating possible species 
interconversion during storage since the sum of the species (expressed as Se) remains 
unchanged. The observed change is greater at 4°C than room temperature storage.  
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Figure 8.13 Stability of the Se species in a prepared mixture of standards stored 
at two temperatures for seven days
	
For the stability of speciaes of Se in the enzymatic extract, Figure 8.14 shows that both 
SeMet and SeCys2 undergo some changes whereas the remaining Se compounds are 
relatively stable during the 7 days storage period investigated. At room temperature, 
there is an increase of SeMet and decrease in SeCys2, and a reverse trend is observed at 
4°C.  
 
Figure 8.14 Stability of Se species in extracts of the WSN prepared from the Bio-
Fort Se flour sample
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In order assist with the observations on this conversion, the data in Figure 8.14 has been 
replotted and presented as a 100% stack column chart (Figure 8.15). This more clearly 
demonstrtaes that after 7 days at room temperature, formation of SeMet has been 
favoured whilst at 4°C storage, formation of SeCys2 is preferentially formed. Stability 
studies conducted by Pedrero et al., (2007) and Moreno et al. (2002) on the enzymatic 
extracts of their samples, yeasts and lyophilised oysters respectively, also reported Se 
species transformation during storage at different temperatures. While these 
observations are interesting, the primary outcome from these trials has been to ensure 
that all subsequent speciation analyses have involved proceeding to analysis by HPLC-
ICP-MS without any avoidable delays after the enzymatic extraction step. 
 
 
 
Figure 8.15 Species composition of extracts from Bio-Fort Se WSN showing 
proportional values and demonstrating changes in stability upon 
storage at two different temperatures for seven days 
 
 
8.6 Conclusions from the investigation of procedures for Se speciation analysis 
 
The overall conclusions from these extensive trials was that some of the published 
approaches could be advantageously modified to provide enhanced separations of all the 
Se species studied when standards were analysed. In addition, good recoveries were 
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amylase, did not give useful results for samples of wheat flour and wheat-based foods. 
The stability tests on the Se standards and enzymatic extracts revealed that there were 
changes in some of the species during storage and these findings led to the the decision 
to analyse the samples post extraction without any further delay. The results reported in 
this chapter have provided a procedure considered suitable for further evaluation and 
application. Accordingly the next phase of this study has involved the application of the 
procedures described here to the study of species of Se during processing of Asian 
noodles. 
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Chapter 9 
 
The measurement and stability of Se species in Asian noodles 
prepared in the laboratory 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained for Se 
speciation analysis of Asian noodles. This encompasses the application of the optimised 
method to study the Se spcies stability in the noodles prepared under controlled 
conditions in the laboratory. 
 
9.1  Introduction 
 
Cereal grain foods are a significant source of Se for humans and current recommended 
values for intake of this micronutrient do not take into account that Se is present in food 
systems in various chemical forms, including both organic and inorganic species 
(Pyrzynska, 2002). It has been reported that the organic Se forms are more bioavailable 
than those which are inorganic (Rayman, Infante & Sargent, 2008). In the earlier phases 
of this project, the procedures evaluated showed potential for Se speciation in wheat 
flours and wheat-based foods. Accordingly, the purpose of this study has been to apply 
the selected procedures on wheat flours as well as noodles prepared in the laboratory, in 
order to determine the Se species profiles and thereby establish the effects of processing 
on their retention in these widely consumed foods. 
 
9.2  Se speciation of Australian wheat flours  
 
In the preliminary trials, two commercial Australian wheat flours were analysed for 
their Se species profile. Typical chromatograms for the extractable Se species quantified 
in these flours are shown in Figure 9.1 and the species were identified based on the 
retentions times of the available standards. It is emphasised here that if significany 
quantities of additional species of Se were present in the extracts then these might be 
expected to appear in the chromatograms and they would certainly be readily detected 
by the ICP-MS which is highly specific for the particular isotope of Se selected for he 
analyses. The absence of additional peaks confirms that SeCys2 and SeMet are the 
predominant species in the typical flour as well as the biofortified sample.  
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a) 
 
 
b) 
 
 
Figure 9.1 Typical chromatograms of two flour samples  
a) Crusty white flour  
b) Bio-Fort Se flour 
Note that different scales have been used for the vertical axes of these 
two chromatograms 
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The quantitative results obtained for the two flours and these chromatograms are 
presented in Table 9.1. From these data it can be calculated that the sum of species in 
the Se-enriched flour is 23 times more than for the unfortified flour. The predominant 
extractable Se species in both unfortified and fortified flours was SeMet and this was at 
> 50% total Se content. This is in agreement with other studies (Cubadda et al., 2010; 
Hart et al., 2011; Warburton & Geonaga-Infante, 2007). Other Se species identified in 
the Se-enriched flour included SeCys2, SeMeSeCys and selenite, whereas only SeCys2 
was detected in addition to SeMet in the unfortified flour. It has been observed that 
more than 80% of Se from wheat has been well absorbed and retained by healthy human 
volunteers in a study conducted by Fox et al. (2004) and the current data is consistent 
with this and the knowledge of the ready bioavailability of the particular chemical 
species of Se present in wheat (Hart et al., 2011).  
 
Table 9.1 Se species contents of Australian wheat flours 
 
Se species Crusty white flour Bio-Fort Se flour 
SeCys2 0.0035 ± 0.0005 0.19 ± 0.02 
SeMeSeCys nd 0.03 ± 0.01 
Selenite nd 0.0034 ± 0.0006 
SeMet 0.056 ± 0.007 1.13 ± 0.06 
Selenate nd nd 
Sum of species 0.059 ± 0.008 1.36 ± 0.09 
 
Notes 1 Data are expressed as μg/g Se on a dry weight basis  
 2 nd indicates not detectable  
 
 
9.3  Se speciation analysis of Asian noodle samples  
 
In the next stage of the investigation, samples of the three primary forms of Asian 
wheaten noodles have been prepared from both unfortified and fortified Se flours. 
Laboratory scale processing methods were selected and set up to allow appropriate 
control of individual steps during studies of three styles of Asian noodles. The 
procedures were selected to reflect typical commercial practice for each of the three 
styles of noodles and the methods are described in detail in Chapter 6. Se speciation 
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analysis were carried out on white salted, yellow alkaline and instant noodles by HPLC-
ICP-MS. Similar chromatographic patterns were obtained for the various noodle styles 
and typical examples are shown in Figures 9.2 and 9.3. The quantitative results for 
noodles prepared from Crusty white flour (unfortified) are Bio-Fort Se flour are 
presented in Tables 9.2 and 9.3 repectively. The results for IN have been calculated with 
fat uptake correction for all the data presented in this chapter. 
 
a) 
 
 
 
Figure 9.2 Typical chromatograms of noodle samples prepared from Crusty 
white flour a) WSN b) YAN c) IN 
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b) 
 
c) 
 
 
Figure 9.2 Typical chromatograms of noodle samples prepared from Crusty 
white flour a) WSN b) YAN c) IN 
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Table 9.2 Contents of Se species in noodle samples prepared from Crusty 
white flour 
 
Se species Noodle style Content (μg/g) 
SeCys2 White salted 0.0045 ± 0.0009 
Yellow alkaline 0.0037 ± 0.0008 
Instant 0.00044 ± 0.00007 
SeMet White salted 0.058 ± 0.009 
Yellow alkaline 0.058 ± 0.007 
Instant 0.055 ± 0.008 
Sum of species White salted 0.062 ± 0.009 
Yellow alkaline 0.061 ± 0.008 
Instant 0.056 ± 0.008 
 
Notes 1 Data are expressed as μg/g on a dry weight basis 
 2 Mean values are expressed as mean ± sd 
 
a) 
 
 
Figure 9.3 Typical chromatograms of noodle samples prepared from Bio-Fort Se 
flour a) WSN b) YAN c) IN 
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Figure 9.3 Typical chromatograms of noodle samples prepared from Bio-Fort Se 
flour a) WSN b) YAN c) IN 
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Table 9.3 Contents of Se species in noodle samples prepared from Bio-Fort Se 
flour 
 
Se species Noodle style Content (μg/g) 
SeCys2 White salted 0.15 ± 0.02 
Yellow alkaline 0.16 ± 0.03 
Instant 0.15 ± 0.01 
SeMeSeCys White salted 0.036 ± 0.004 
Yellow alkaline 0.03 ± 0.01 
Instant 0.028 ± 0.007 
Selenite White salted 0.0021 ± 0.0003 
Yellow alkaline 0.0040 ± 0.0009 
Instant 0.0033 ± 0.0006 
SeMet White salted 1.12 ± 0.5 
Yellow alkaline 1.14 ± 0.06 
Instant 1.12 ± 0.08 
Sum of species White salted 1.31 ± 0.08 
Yellow alkaline 1.33 ± 0.03 
Instant 1.30 ± 0.09 
 
Notes 1 Data are expressed as μg/g on a dry weight basis 
 2 Mean values are expressed as mean ± sd 
 
The chromatographic results and the corresponding data presented in Tables 9.2 and 9.3 
show that each of the three primary styles of noodles showed similar Se profiles to the 
original flours flour from which the noodles were prepared. The predominant Se species 
detected in WSN, YAN and IN for both flours were SeMet followed by SeCys2. Traces 
of SeMeSeCys and selenite were also detected in the noodles prepared from the fortified 
flour. The concentration of organic Se species in the unfortified and fortified noodle 
samples were in the range of 0.056 – 0.062 and 1.30 – 1.33 μg/g respectively. The 
difference in these two flours is up to 23-fold which provides confirmation of the 
consumption of enriched Se noodles as a potential strategy to enhance the health of 
human populations at risk of Se deficiency. 
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9.4  The influence of noodle processing on Se species losses  
 
The next aim has been to study the influence of processing and the impact of processing 
parameters on Se losses during noodle production. Accordingly, Se speciation of the 
Asian noodles was carried out to assess retention of Se in each type of noodles made 
from low compared to the high Se wheat flour. The Se concentration in the noodles 
were compared to the concentrations of the flours used to make the noodles as shown in 
Figures 9.4 and 9.5. The results show that there was no significant difference (p > 0.05) 
in the sum of Se species of each of the three styles of noodles from the amount 
originally present in the flours used in the formulation. In addition, this was clearly 
found to be the case for both of the flours used, the unfortified as well as that which had 
been biofortified. This demonstrates that the extractable Se compounds in wheat flours 
are stable during noodle processing. 
 
 
 
Figure 9.4 A direct comparison of the Se species in flour and the three types of 
Asian noodles prepared from unfortified flour (Crusty white) 
 Note Content is expressed as Se on a dry weight basis 
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Figure 9.5 Se species in flour and Asian three types of noodles for biofortified 
samples (Bio-Fort Se) 
 Note Content is expressed as Se on a dry weight basis 
 
Significantly, this is the first report on speciation of Se associated with Asian noodles. 
Whilst there is no published data with which to compare the results for Asian noodles 
processing, the only comparison possible is with that reported in a study conducted by 
Hart et al., (2011). Those researchers presented data showing that the Se species profile 
is preferentially retained in wheat, flour and bread. Thus similar observations have now 
been found for bread and Asian noodles. provided similar observation. 
 
A noteworthy aspect of the current results is that the differences in formulation and 
process involved for the three primary forms of Asian wheaten noodles, do not 
influence the retention of the predominant species of organic selenium present. This is 
significant as the pH values of the three types of noodles are quite different and were 
found to be 5.7 for WSN, 10.7 for YAN and 7.6 for IN, confirming those reported by 
Bui et al., (2013). It can therefore be concluded that pH is not a primary factor 
influencing the stability of the species of Se in Asian noodles. This contrasts with the 
effects described for some of the water soluble vitamins, particularly thiamin and 
riboflavin, in these particular foods (Bui et al., 2013). 
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Similarly, the various processes applied in noodle processing do not appear to adversely 
affect the organic forms of Se. Thus, unlike the observations made regarding vitamin 
stability and retention (Bui et al., 2013) there appear to be no oxidative losses during 
dough mixing, nor are there changes as a result of elevated temperatures during the 
steaming, deep frying or drying stages of the various processes applied for the three 
forms of Asian noodles. 
 
9.5 General discussion and summary of results for Se species in Asian 
noodles 
 
In this current investigation, the development of analytical methods involving 
separation and sensitive detection have allowed the study of chemical forms of Se in 
Asian noodles. Optimised sample extraction and HPLC-ICP-MS procedures evaluated 
in Chapter 8 have been applied to a series of wheat flour and noodle samples. The effect 
of food processing and preparation were also investigated to determined the stability of 
these micronutrients.  
 
Two commercial Australian wheat flours were analysed and it was found that these 
flours have similar Se species profiles but differ in content by a factor of 23-fold. The 
dominant extractable forms of Se found in wheat flour are organic (SeCys2 and SeMet) 
and thus are likely to be readily bioavailable sources of the element. Samples of the 
three styles of noodles were prepared in the laboratory and the levels of Se species in 
the final dried noodles were measured. The results show that no significant losses of Se 
species were found in the processing of WSN, YAN and IN prepared from both 
unfortified and Se fortified wheat flours. Based on the high rates of retention of the Se 
species during noodle processing, the initial flour Se species content is the primary 
factor influencing the resultant Se levels in the processed noodles. 
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Chapter 10 
 
Development and evaluation of procedures for extraction and 
quantitation of vitamin E from flour and Asian noodles 
 
 
The purpose of this chapter is to present results on the evaluation of enhanced 
procedures for determination of the E vitamers in wheat flours and Asian noodle 
products. 
 
10.1  Introduction 
 
In the past three decades, there has been an intense level of research activity 
surrounding vitamin E and particularly the hypothesis that it may play a key role in the 
maintenance of the immune system as well as in delaying the pathogenesis of a variety 
of degenerative diseases. Among these are cardiovascular disease, cancer, inflammatory 
diseases, neurological disorders, cataract and age-related macular degeneration 
(Bramley et al., 2000). The naturally occurring forms of vitamin E are important 
antioxidants, with cereal grains and vegetable oils being regarded as good sources of 
this nutrient (Nielsen & Hansen, 2008). It is composed of eight vitamer forms: four 
tocopherols (α-T, β-T, γ-T and δ-T) and four tocotrienols (α-T3, β-T3, γ-T3 and δ-T3). 
Since each of these E vitamers has different antioxidant and biological activities, 
quantitative data on the individual vitamers may be useful in the evaluation of the health 
and nutritional significance of cereal foods. The determination of vitamin E in cereals 
usually involves saponification and extraction of the analytes prior analysis using a 
liquid chromatographic system (Delgado-Zamarreno et al., 2009).  
 
In the initial phase of the current study, selected published methods have been reviewed 
and evaluated for their potential application to grain-based foods. Extraction procedures, 
analytical columns and mobile phases have been evaluated and, in addition, a solid 
phase extraction option has also been considered. The overall objective has been to 
simultaneously extract and reliably quantitate the E vitamers in wheat flour and Asian 
noodle products. 
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10.2  Preliminary evaluation of an HPLC method for vitamin E  
 
In reviewing procedures for analysis of vitamin E (Chapter 3) it was evident that a wide 
variety of procedures have been reported. The first objective of this work was to select a 
method suitable for the determination of vitamin E in wheat flours. 
 
The use of HPLC coupled with UV or fluorimetric detection has enabled the 
development of specific and sensitive methods for the determination of vitamin E in 
food samples. Several chromatographic HPLC methods are available in the literature, 
involving both normal and reversed phase columns, to analyse vitamin E. Normal phase 
(NP) HPLC can be regarded as preferable since it is reported to be able to separate all 
eight E vitamers. However, the use of hazardous volatile organic solvents has become a 
severe disadvantage of this technique (Lanina et al., 2007). RP systems on the other 
hand, although unable to fully resolve β- and γ-tocopherols and tocotrienols, are 
increasingly preferred because not only equilibrium times are shorter and better 
reproducibility is achieved, but have the potential to allow the elimination of hazardous 
solvents (Lanina et al., 2007; Ruperez, 2001). Accordingly, the reverse phase (RP) 
HPLC approach was selected as the starting point for the evaluations reported here. 
 
In the current study, chromatographic separation utilising a variant of HPLC known as 
UPLC (ultra performance liquid chromatography) has been evaluated to analyse vitamin 
E. The Waters Acuity UPLC system is described by the manufacturer as an advanced 
separation system that employs a 1.7μm stationary phase particle size to enhance 
resolution and peak shape in a much shorter run-time. Preliminary experiments were 
carried out to determine the chromatographic conditions suitable for the separations of 
the E vitamers. A procedure described by Gledhill (2006) with UPLC condition using 
mobile phase with a mixture of 9:1 water: acetonitrile, flow rate 0.7 mL/min and 
fluorescence detection at Ex/Em 290/330nm was assessed. A typical chromatogram for 
the mixed standards of tocopherols and tocotrienols is presented in Figure 10.1. In this 
the E vitamers were eluted within 2 minutes and the order of elution was δ-T3, (β+γ)-
T3, α-T3, δ-T, (β+γ)-T and α-T. The β- and γ-tocopherols and tocotrienols are 
unresolved and this is expected since the RP system has typically unable to resolve 
these two positional isomers (Tan & Brzuskiewicz, 1989). 
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Figure 10.1 Typical chromatogram of tocopherol and tocotrienol standards by 
RP-UPLC  
 
 
In a further attempt to resolve the overlapping tocotrienol peaks, a relatively newly 
developed software package developed by OriginLab® and named OriginPro was used 
to perform peak deconvolution. The OriginPro software has a Peak Analyzer tool, 
providing the additional capability of finding and fitting multiple peaks in spectra or 
chromatograms having apparent overlaps in peaks. As a preliminary step, simulation of 
overlapping Gaussian peaks was trialled (Figure 10.2) and the known peak areas were 
0.9983 and 0.7071 respectively. These simulated peaks were then deconvoluted by 
OriginPro (Figure 10.3) and the integrated peak areas were 0.9986 and 0.7071 
respectively. These results confirm the general suitability of OriginPro as a tool for 
deconvoluting overlapping peaks. 
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Figure 10.2 Simulation of overlapping Gaussian peaks 
 
 
 
      
 
Figure 10.3 Deconvolution of peaks achieved using OriginPro 
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integrated peak areas. The next step in the evaluation was to analyse varying levels of 
each vitamer, and apply the deconvolution approach in calculating the results. For this, 
a series of standard curves were prepared and plotted to encompass of each of the 
vitamers. Linear relationships were obtained over a wide range of concentrations and 
the typical calibration curves are presented in Figures 10.5 to 10.10. The regression 
analysis of the plot of area response versus concentration of each vitamer revealed an 
excellent relationship, and thus verified the suitability of the method being evaluated 
and so it was adopted and applied to the analysis of flour samples. 
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Figure 10.4 Typical chromatogram of tocopherol and tocotrienol standard 
compounds following deconvolution 
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Figure 10.5 Standard curve of α-tocopherol analysed using UPLC 
 
 
 
Figure 10.6 Standard curve of (β+γ)-tocopherol analysed using UPLC 
 
 
 
Figure 10.7 Standard curve of δ-tocopherol analysed using UPLC 
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Figure 10.8 Standard curve of α-tocotrienol analysed using UPLC 
 
 
Figure 10.9 Standard curve of (β+γ)-tocotrienol analysed using UPLC 
 
 
 
Figure 10.10 Standard curve of δ-tocotrienol analysed using UPLC 
 
 
y = 7669.6x - 920.28
R² = 0.9972
0.0E+00
5.0E+04
1.0E+05
1.5E+05
2.0E+05
0 5 10 15 20 25
A
re
a
Concentration (µg/mL)
y = 11970x - 5632.1
R² = 0.999
0.E+00
1.E+05
2.E+05
3.E+05
4.E+05
0 5 10 15 20 25 30 35
A
re
a
Concentration (µg/mL)
y = 13983x - 556.54
R² = 0.9997
0.E+00
1.E+05
2.E+05
3.E+05
4.E+05
0 5 10 15 20 25
A
re
a
Concentration (µg/mL)
Chapter 10 
 
 142
10.3  Evaluation of sample extraction and UPLC analysis of vitamin E  
 
The method for vitamin E extraction from wheat flours was adopted from procedures 
described by Buddrick, Jones, Morrison & Small (2013). The procedures involved 
Accelerated Solvent Extraction (ASE) of the sample with 9:1 hexane: ethyl acetate at 
80°C and 1600 psi. The three commercial Australian flours selected for this 
investigation were extracted using the method and analysed by UPLC as described in 
the previous section. The typical chromatograms of these flours along with the 
deconvoluted peaks are shown in Figures 10.11 to 10.13.  
 
The content of E vitamers found in the three Australian flours vary considerably and the 
detailed data are presented in Table 10.1. Vitamer δ-T3 was not detected in the all the 
flours analysed, and δ-T was also not detected in the two white flours. α-T was not 
detected in P-Farina flour but was the highest form found in Bio-Fort Se flour. The 
forms of vitamin E found to predominate in the white flours were (β+γ)-T3. The α and β 
forms are the major E vitamers present in wheat as reported by Lampi et al. (2008) and 
similar observation was seen in the current study, despite the β and γ forms were 
unresolved. In the same study, 175 genotypes of different wheat types were studied for 
their tocopherol and tocotrienol compositions and it was found that there was a large 
variation in total tocopherol and tocotrienol contents in bread wheats. This is also 
evident in the results data presented in the current study (Table 10.1) demonstrating that 
different wheat flours having varying vitamin E profiles. 
 
Tocotrienols are generally the major form of vitamin E in seeds of most monocots and a 
limited number of dicots (Tiwari & Cummins, 2009). In cereal grains including rice, 
wheat and oats, tocotrienols typically account for more than 50 percent of the total E 
vitamers of the seed endosperm. This is also seen in the two white flours analysed (P-
Farina and Crusty white) whereby the total tocotrienols are more than half of TEV. In 
an experiment described by Nielsen and Hansen (2008), the amount of α-T in the whole 
wheat flour (extraction rate ~100%) was consistently higher than that found in the 
corresponding milled wheat flour (extraction rate ~70%) prepared using roller mills. 
The tocopherols are primarily located in the germ and thus the whole wheat flour is 
expected to contain higher tocopherols due to the presence of germ material.  
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Figure 10.11 Chromatograms of E vitamers in P-Farina flour 
a) overlapped 
b) deconvoluted  
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Figure 10.12 Chromatograms of E vitamers in Crusty white flour 
a) overlapped  
b) deconvoluted 
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Figure 10.13 Chromatograms of E vitamers in Bio-Fort Se flour a) overlapped b) 
deconvoluted  
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The results of the current study show that Crusty white flour had the highest sum of all 
E vitamers (total E vitamers, TEV) followed by the Bio-Fort Se and then P-Farina flour. 
It has been reported that the level of accumulation of E vitamers within the kernel is 
influenced by genotype, environment, agronomic inputs and the interactions of these 
factors (Tiwari & Cummins, 2009).  
 
According to the foetal resorption test (traditional rat sterility), α-tocopherol has the 
greatest biological activity. As a direct result, traditionally this has led to the expression 
of vitamin E activity as α-tocopherol equivalent (α-TE) (Franke, Murphy, Lacey & 
Custer, 2007). Other tocopherols also have vitamin E activity and the equivalence of the 
various forms is α-T × 1.0, β-T × 0.5, γ-T × 0.1, δ-T × 0.03, α-T3 × 0.33. In Australia 
and New Zealand, adequate intakes (AI) have been set for vitamin E in terms of α-TE 
values.  
 
Accordingly, in the preparation of Table 10.1 the results for the flours have also been 
calculated and expressed also provides the vitamin E activity expressed as α-TE for 
these Australian flours. The wholemeal Bio-Fort Se flour has the highest vitamin E 
activity followed by Crusty white and P-Farina flour. Considering the AI in Australia, 
10mg/day and 7mg/day for men and women respectively, these flours can be considered 
good nutritional sources of vitamin E.  
 
During the sample preparation of instant noodles, there was a visible separation of the 
extracted oil and the ethanol that was used to redissolve the oil extract. Therefore, a 
solid phase extraction procedure was trialled in an attempt to clean up the samples prior 
to analysis by UPLC. The cartridge chosen was Oasis hydrophilic-lipophilic balance 
(HLB), which was used in the study by Irakli, Samanidou and Papadoyannis (2012) on 
cereal samples. The Crusty white instant noodle samples prepared with Oasis HLB 
cartridge resulted in more than 65% loss in tocopherols (Figure 10.14). The comparison 
of the results for the cartridge and the effect on the tocopherols is demonstrated in 
Figure 10.15.  
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Table 10.1 Content of E vitamers in the flour samples (µg per g)1 
 
Description  P-Farina Crusty white Bio-Fort Se 
α-T  nd 1.62 ± 0.05 3.61 ± 0.02 
(β+γ)-T  0.58 ± 0.02 1.91 ± 0.01 0.93 ± 0.03 
δ-T  nd nd 1.44 ± 0.07 
α-T3  4.1 ± 0.4 4.4 ± 0.5 3.0 ± 0.2 
(β+γ)-T3  6.1 ± 0.3 6.4 ± 0.6 2.2 ± 0.3 
δ-T3 nd nd nd 
TEV 10.8 ± 0.7 14.33 ± 1.06 11.1 ± 0.5 
Vitamin E activity (α-TE) 1.4 ± 0.1 3.5 ± 0.3 4.8 ± 0.2 
 
Notes 1 Contents are expressed in units of μg/g on a dry weight basis 
 2 Mean values are expressed as mean ± sd 
 3 nd indicates not detectable 
 4 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
 5 Vitamin E activity (α-TE) was calculated according to conversion factors detailed in 
Chapter 6 
 
 
 
 
 
Figure 10.14 The relative losses incurred with the use of Oasis cartridge 
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Figure 10.15 Comparison of results for sample extracts prepared with and 
without Oasis cartridge 
 
Notes 1 Contents are expressed in units of μg/g on a dry weight basis 
 2 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
 
 
There is a considerable loss of the tocopherols in the use of Oasis HLB cartridge during 
the sample preparation procedures. Therefore it was concluded that the cartridge 
showed no potential in improving sample preparation for vitamin E analysis for the 
purposes of the current study. Accordingly further efforts to refine the approaches to 
analysis of the vitamers was focused on comparing the results from oil extracts analysed 
by RP and NP systems. In particular this was designed to determine and compare any 
losses occurring during sample preparation with an emphasis on the visible separation 
of oil extract and ethanol associated with preparation for RP-HPLC.  
 
10.4 Further evaluation of sample preparation prior to UPLC 
 
In order to investigate the effectiveness of ethanol in dissolving all of the E vitamers in 
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minutes. The elution is in the following order: α-T, α-T3, β-T, γ-T, β-T3, γ-T3, δ-T, and 
δ-T3. This is in agreement with published data on vitamin E by NP-HPLC separation 
(Ahsan, Ahad  & Siddiqui, 2015; Ball, 2006). The NP column provided the separation 
of all isomers, including the β and γ isomers, which were not easily separated in a 
conventional RP column. 
 
 
Figure 10.16 Typical chromatogram of tocopherol and tocotrienol standards by 
NP-HPLC  
 
 
The NP separation involves the use of relatively non-polar organic solvents allowing a 
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extract in ethanol (even though there is visible separation) during sample preparation, is 
effective in measuring all of the E vitamers prior to analysis by RP-HPLC. 
 
 
 
Figure 10.17 Sum of E vitamers analysed by NP-HPLC and RP-HPLC for Crusty 
white instant noodles 
 
Notes 1 Contents are expressed in units of μg/g on a dry weight basis 
 2 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
 
 
 
 
Figure 10.18 Sum of E vitamers analysed by NP-HPLC and RP-HPLC for Bio-
Fort Se instant noodles
 
Notes 1 Contents are expressed in units of μg/g on a dry weight basis 
 2 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
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10.5 Conclusion on the investigation of procedures for vitamin E analysis 
 
Following various preliminary studies, approaches based on ASE for sample extraction 
and RP-HPLC for analysis of vitamin E were evaluated. From extensive trials, it was 
found that the analysis of the E vitamers by UPLC is rapid with a total runtime of 2 
minutes. However, the tocotrienols were not baseline separated on the RP column. 
Deconvolution by OriginPro software has allowed the analysis of overlapped peaks to 
give reliable peak areas for calculations. Solid phase procedures did not provide 
assistance during sample preparation of cereal foods, instead it resulted in losses of 
some E vitamers. The samples high oil of instant noodles were high in oil contents and 
this resulted in a visible separation of layers prior to UPLC injection and so a parallel 
comparison between RP and NP systems was run and this demonstrated that ethanol is 
effective in extracting and retaining all vitamers for RP-HPLC analysis. The results 
reported in this chapter have provided a procedure considered suitable for further 
application to the samples of interest in this research. Accordingly the next phase 
involved the analysis of Asian noodles in order to better understand the stability and 
retention of the E vitamers in these foods. 
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Chapter 11 
 
The measurement and stability of vitamin E in three different 
styles of Asian noodles 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
analysis of Asian noodles for the various E vitamers. Following selection of a suitable 
method, the analytical method has been applied to a series of noodles prepared under 
controlled conditions in the laboratory.  
 
11.1 Introduction  
 
Relatively little published data has been reported on the effect of processing steps on the 
apparent retention of vitamin E in cereal foods and there have been no studies of Asian 
noodle products. In the current study, the three primary forms of noodles were prepared 
in the laboratory and the objective was to evaluate the stability of the vitamers during 
processing. The approach adopted involved initially analysing noodle samples at the 
final stage of preparation. If significant change was observed, samples at various stages 
during processing would then be analysed to establish at which of the processing steps 
the changes were occurring. For the purpose of this study, the flours used were three 
commercial Australian flours, each of which had the protein content suitable for the 
processing of the three styles of Asian noodles. The details on materials and preparation 
procedures are specified in Chapter 6.  
 
11.2 Analysis of vitamin E contents of three styles of Asian noodles 
 
Samples of WSN, YAN and IN prepared in the laboratory were first ground to a fine 
powder prior to analysis. In addition, all samples were analysed for moisure content and 
these results have been used in the calculation of vitamin contents to a dry matter basis, 
in order to facilitate direct comparison of results. The typical chromatograms obtained 
for WSN prepared from Crusty white and Bio-Fort Se flours are presented in Figure 
11.1. The pattern obtained for the third flour (P-Farina, data not shown) was similar to 
that of Crusty white flour. 
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Figure 11.1 Typical chromatogram of E vitamers in WSN  
a) Crusty white  
b) Bio-Fort Se 
 
 
For WSN as well as YAN similar chromatographic patterns were found for all three 
types of flours. The chromatograms obtained for IN are presented in Figure 11.2. Again, 
the patterns for Crusty white and P-Farina were very similar. 
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Figure 11.2 Typical chromatogram of E vitamers in IN a) Crusty white b) Bio-
Fort Se 
 
 
In the quantitation of the vitamers, the integration of the peaks was performed using the 
OriginPro software, which was particularly useful for overlapping peaks. The results 
have also been summarised in Table 11.1 to show the total content of the E vitamers in 
these noodles as well as the corresponding changes occuring during noodle processing. 
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Table 11.1 Total vitamin E content of dried white salted, yellow alkaline and 
fried instant noodles prepared from three Australian flours 
 
Noodle style Flour Total E vitamers1,2 Relative change (%) 
White salted P-Farina 1.74 ± 0.05 -83.8 
Crusty white 1.7 ± 0.2 -88.4 
Bio-Fort Se 5.7 ± 0.4 -49.3 
Yellow 
alkaline 
P-Farina 3.2 ± 0.5 -70.3 
Crusty white 3.4 ± 0.3 -76.2 
Bio-Fort Se 5.9 ± 0.3 -47.1 
Instant P-Farina 68 ± 2 +536.6 
Crusty white 65 ± 3 +353.1 
Bio-Fort Se 82 ± 2 +635.4 
 
Notes 1 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
 2 Contents are expressed in units of μg/g on a dry weight basis 
 3 Mean values are expressed as mean ± sd 
 4 Relative changes is expressed in relation to the total vitamin E (direct sum) in the flour, 
with losses as negative % and gain as positive % 
 
The results demonstrate that, overall, considerable losses in vitamin E occur in the 
processing of WSN and YAN, while there is an apparent increase observed during IN 
processing. The extent of loss during the processing of white salted noodles are higher 
than those of yellow alkaline noodles, and the pattern is similar for the two white flours 
P-Farina and Crusty white. For the wholemeal flour (Bio-Fort Se), the relative loss of 
vitamin E is lower than for the white flours, and the extent of loss is similar between 
WSN and YAN processing. On the contrary, substantial gain in vitamin E is evident in 
the processing of IN for all flours. The relative gain is up to six fold for the wholemeal 
flour, and at least three fold for the white flour. This appears to reflect the uptake of fat 
during the deep frying step in the noodle preparation. These issues are further 
investigated and discussed in a subsequent part of this chapter (Section 11.4). 
 
11.3  The influence of WSN and YAN processing on vitamin E losses  
 
The E vitamer contents of white salted and yellow alkaline noodles at each stage of 
processing were analysed and the results are now presented for each individual category 
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of the vitamers. All results have been calculated on dry weight basis to allow 
comparison.  
 
α-Tocopherol 
 
The effect of noodle processing on α-tocopherol stability is presented in Figure 11.3. 
The wholemeal Bio-Fort Se flour has twice as much α-tocopherol as Crusty white flour 
and none was detected in P-Farina flour. The results show that α-tocopherol is 
completely lost during the dough mixing stage for both WSN and YAN processing of 
Crusty white flour. For noodle processing of the Bio-Fort Se flour, the loss of this 
vitamer was also found to be greatest during mixing, followed by a gradual loss during 
the noodle sheeting and drying stages. 
 
 
 
Figure 11.3 α-Tocopherol content analysed at different stages of processing of 
WSN and YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
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(β+γ)-Tocopherols 
 
The results (Figure 11.4) indicate that Crusty white flour has the highest amount of 
(β+γ)-tocopherols, followed by Bio-Fort Se and P-Farina flour. There is a decreasing 
trend for this vitamer during the processing of white salted and yellow alkaline noodle, 
with a greater decrease in white salted than yellow alkaline noodle processing for both 
the white flours Crusty white and P-Farina. As for the wholemeal flour, the extent of 
(β+γ)-tocopherols loss is similar for white salted and yellow alkaline noodle processing.  
 
δ-Tocopherol 
 
This vitamer is only present in the wholemeal Bio-Fort Se flour with none detected in 
the white flours. There is a gradual loss of δ-tocopherol throughout the processing 
stages of white salted and yellow alkaline noodles and the greatest loss occurred during 
the mixing stage (Figure 11.5). The extent of loss between the two styles of Asian 
noodles is similar and the loss is at least 50 percent in the dried noodles. 
 
α-Tocotrienol 
 
There are similar quantities of α-tocotrienol in P-Farina and Crusty white flour, but less 
in Bio-Fort Se flour. In the processing of the white flours, the decrease of this vitamer is 
much greater in white salted than yellow alkaline noodles (Figure 11.6). The greatest 
loss of α-tocotrienol is observed during the drying process (40° for 24 hours) of YAN, 
and between mixing and sheeting in WSN processing. There is virtually no loss of this 
vitamer in the WSN and YAN processing of Bio-Fort Se flour. 
 
(β+γ)-Tocotrienols 
 
There are similar amount of (β+γ)-tocotrienols in P-Farina and Crusty white flour, but 
much less in Bio-Fort Se flour (Figure 11.7). Likewise the trend for α-tocotrienol in the 
processing of the white flours, the decrease of (β+γ)-tocotrienols is much greater in 
white salted than yellow alkaline noodles. Moreover, this trend is also true for the 
wholemeal flour. The greatest loss of this vitamer is observed during the mixing stage 
of WSN processing for all three flours, and very little remains in the final dried noodles. 
The overall results indicate that there are losses of this vitamer throughout the 
processing stages of WSN and YAN. 
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Figure 11.4 (β+γ)-Tocopherols contents at different stages of processing of WSN 
and YAN 
 Note T Values are mean  sd, expressed on a dry weight basis 
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Figure 11.5 δ-Tocopherol contents at different stages of processing of WSN and 
YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
Total E vitamers 
 
The sum of all E vitamers (expressed as total E vitamers, TEV), for each flour is 
presented in Figure 11.8. This gives an overview of the losses of vitamin E at each stage 
during the processing of the two different styles of Asian noodles. The greatest amount 
of TEV is found in Crusty white, followed by P-Farina and Bio-Fort Se flours which 
have similar contents. The observable loss in TEV during the processing of WSN is 
much greater than YAN prepared from the white flours, whereas the pattern of loss is 
similar for these two styles of noodle prepared from the wholemeal flour.  
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Figure 11.6 α-Tocotrienol content at different stages of processing of WSN and 
YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Figure 11.7 (β+γ)-Tocotrienols content analysed at different stages of processing 
of WSN and YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Figure 11.8 Sum of all E vitamers at different stages of processing of WSN and 
YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
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The cumulative losses of TEV during the processing of WSN and YAN are presented in 
Table 11.2. The lowest retention was primarily observed during the mixing stage and 
this probably reflects the antioxidant properties of these molecules. During mixing, the 
incorporation of water and oxygen in the dough facilitate lipid oxidation and losses of 
30% of TEV was reported during the kneading phase of pasta making (Fratianni, 
Criscio, Mignogna & Panfili, 2012). More than 80 percent of TEV is lost during the 
processing of WSN for the white flours, and almost 50 percent loss for the wholemeal 
flour. As for YAN processing, the losses are less than 80 percent for the white flours 
and also almost 50 percent for the wholemeal flour. The data showed the presence of 
alkaline salt at high level in the ingredients of yellow alkaline noodles increases the 
stability of vitamin E. The difference in losses of TEV between the dried WSN and 
YAN is up to 13.5%, indicating the influence of alkaline salt since the processing for 
these two styles of noodle is the same. Based upon our extensive review of the scientific 
literature, we are unaware of any data with which the current results might be directly 
compared, particulalry relating to the effect of elevated pH values. Relatively few foods 
have pH values as high as those of YAN. Accordingly this appears to be the first direct 
comparison of the stability of the vitamers and TEV have involved pH values of 5-6 and 
10-11. 
 
As foods are exposed to light, heat or metal ions during processing, the structure of their 
constituent lipids can be degraded due to oxidation (Bramley et al., 2000). Lipid 
oxidation can be categorised into three types: autoxidation, photooxidation and 
enzymatic oxidation (Nielsen & Hansen, 2008). Autoxidation occurs when unsaturated 
fatty acids are exposed to oxygen, photooxidation is accelerated by light exposure and 
enzymatic oxidation is initiated by certain enzymes. Antioxidants can inhibit or retard 
the rate of oxidation and vitamin E is the most important natural antioxidant in fats and 
oils(Nielsen & Hansen, 2008). Both tocopherols and tocotrienols act as antioxidants by 
donating hydrogen from their phenolic group to stabilise the radicals and thus stopping 
the propagation phase of the oxidative chain reaction (Bramley et al., 2000). As a result, 
they themselves are subject to molecular changes by oxygen and this process is 
accelerated by light, heat, alkali, trace minerals and exposure to hydroperoxides 
(products formed during oxidative rancidity). Vitamin E is relatively light and heat 
stable in the absence of oxygen (Ball, 2006; Bramley et al., 2000). It has also been 
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reported that during the anaerobic treatment used in canning processes, the E vitamers 
remained stable in the absence of oxygen (Franke et al., 2007). 
 
Table 11.2 Relative and cumulative losses of TEV at each stage during 
processing of WSN and YAN 
 
Noodle 
style 
Flour Processing 
stage 
TEV loss Cumulative 
TEV loss 
White 
salted 
P-Farina Mixing  51.5 51.5 
Sheeting 22.5 74.0 
Drying 9.8 83.8 
Crusty white Mixing  76.6 76.6 
Sheeting 0 76.6 
Drying 11.8 88.4 
Bio-Fort Se Mixing  31.4 31.4 
Sheeting 5.3 36.7 
Drying 12.6 49.3 
Yellow 
alkaline 
P-Farina Mixing  5.9 5.9 
Sheeting 16.5 22.4 
Drying 47.9 70.3 
Crusty white Mixing  50.6 50.6 
Sheeting 7.5 58.1 
Drying 18.1 76.2 
Bio-Fort Se Mixing  29.8 29.8 
Sheeting 3.3 33.1 
Drying 14 47.1 
 
Note Losses are expressed as relative values (%) in relation to the total E vitamers in the flour and all 
content data used in the calculations was on a dry weight basis 
 
 
During the processing of noodles, the losses of tocopherols and tocotrienols were 
substantial. The stability of E vitamers in food vary with the processing method, 
duration of the processing as well as food composition. Each of the E vitamers varied in 
their retention and the order of vitamer stability in the dried WSN and YAN was α-T3 > 
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(β+γ)-T3 > δ-T > (β+γ)-T > α-T. The order of in vitro antioxidant activities of the 
tocopherols conforms to their oxidation potentials and also parallels their biological 
activities, that is, α > β > γ > δ (Ball, 2006). There was however no significant 
difference between the β and γ positional isomers. The findings in the current study 
regarding the relative stabilities of each vitamer are consistent with expectations based 
upon their known antioxidant potential values. 
 
The profile for each flour is distinct from one another, especially for the white and 
wholemeal flours. This is reflected in the lower loss of vitamin E occurring during the 
processing of wholemeal flour. Figure 11.9 provides an overview of vitamin E activity 
(α-TE) during the processing of WSN and YAN of the three Australian flours. The 
overall trend during the noodle processing is a decrease of vitamin E activity as the 
flour is subjected to mixing, sheeting and drying. There is a significant loss in vitamin E 
activity (p < 0.05) in the dried white salted and yellow alkaline noodles in these three 
flours, and the loss is more than 50 percent. Hidalgo and Brandolini (2010) investigated 
the change in vitamin E content during the manufacture of pasta from wheat flours and 
found an average reduction of 64 percent of TEV and Fares et al. (2006) found TEV 
losses of 53-83 percent during emmer and durum wheat pasta production. 
 
11.4 Observation of significance gain of vitamin E content during processing of 
instant noodles 
 
Unlike white salted and yellow alkaline noodles processing that resulted in loss in TEV, 
IN products have higher TEV than those originally present in the flour. The E vitamers 
contents of IN at each stage of processing were analysed and the results are presented in 
the category of tocopherols and tocotrienols. Again, all of the results have been 
calculated on a dry weight basis in order to facilitate comparisons. 
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Figure 11.9 α-TE at different stages of processing of WSN and YAN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Figure 11.10 α-Tocopherol contents at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
To deduce the effect of frying, the canola oil that was used as the frying oil was 
analysed for its vitamin E content. The chromatogram of the E vitamers detected in 
canola oil is shown in Figure 11.13. It is evident from this chromatogram that the canola 
oil has all forms of the tocopherols but none of tocotrienols. The tocopherol contents of 
canola oil are presented Figure 11.14. The predominant tocopherol group detected was 
(β+γ)-tocopherols followed by α- and then the δ-tocopherols respectively. Vegetable 
oils are one of the richest sources of vitamin E in the diet and their profiles of E 
vitamers are reported to vary widely (Bramley et al. 2000; Franke et al., 2007). The 
predominant forms in canola oil have recently been reported as tocopherols with up to 
40 and 23 mg/100g of γ- and α-tocopherol respectively (Jiang, 2014). 
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Figure 11.11 (β+γ)-Tocopherol contents at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
 
Figure 11.12 δ-Tocopherol contents at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Figure 11.13 Chromatogram of E vitamers in a sample of canola oil 
 
 
 
 
Figure 11.14 The content of the E vitamers found in canola oil 
 Note Values are mean  sd, expressed on a dry weight basis 
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tocopherols in snack extrudates and found that extrusion significantly degraded 
tocopherols, however, frying of the extrudates resulted in significant increases in the 
levels of all tocopherols in the sample since there was an uptake of oil from during 
frying. Fried foods have higher E vitamers content than comparable boiled foods 
because of the retention of vitamer-rich frying oils within the food products (Franke et 
al., 2007).  
 
 
Figure 11.15 α-Tocopherol uptake during the frying stage of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
Figure 11.16 (β+γ)-Tocopherol uptake during frying stage of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Figure 11.17 δ-Tocopherol uptake during the frying stage of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
Tocotrienols 
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There are similar amounts of α-tocotrienol in P-Farina and Crusty white flour, but less 
in Bio-Fort Se flour (Figure 11.18). In the processing of IN of these three flours, the 
decrease of this vitamer is gradual. Since no tocotrieonols were detected in the frying 
oil, this pattern of loss clearly demonstrates the instability of α-tocotrienol throughout 
the processing stages of IN. The resultant fried noodles contained less than half of the α-
tocotrienol in comparison to the amount present in the original flour samples.  
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Figure 11.18 α-Tocotrienol content analysed at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
The same can be said regarding the stability of (β+γ)-tocotrienols (Figure 11.19) since 
the level of these vitamers is also decreasing at the various processing stages. Much of 
the loss of these vitamers occurred during the mixing stage for the white flours, but not 
the wholemeal flour. The loss of (β+γ)-tocotrienols in the fried noodles is at least 79 
percent.  
 
 
Figure 11.19 (β+γ)-Tocotrienol content analysed at different stages of processing 
of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
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Total E vitamers 
 
The sum of all E vitamer (total E vitamers, TEV), for each flour is presented in Figure 
11.20. This gives an overview of the changes in the contents of the E vitamers at each 
stage during the processing of IN. The greatest amount of TEV is found in Crusty white, 
followed by similar amount in P-Farina and Bio-Fort Se flour. The observable loss in 
TEV during the processing of IN were gradual, except for the frying stage whereby 
there are uptakes of tocopherols from the frying oil resulting in the noodles containing 
higher level of E vitamers than samples at other points during processing. 
 
 
Figure 11.20 Sum of all E vitamers analysed at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
The cumulative changes of TEV during the processing of IN are presented in Table 
11.3. The highest loss in TEV was primarily observed during the mixing stage reflecting 
the antioxidant property of this nutrient. Up to the steaming stage, more than 80 percent 
of TEV is lost during the processing of IN for the white flours, and almost 50 percent 
loss for the wholemeal flour. However, after the frying stage, there is an increase of 
more than six-fold of TEV in both P-Farina and Bio-Fort Se flour and four-fold for 
Crusty white flour. The data showed the benefit of frying in high vitamin E oils to 
increase the amount of E vitamers in products. The analysis of fried noodles (chow 
mien) and fried noodles (top ramen) in the study conducted by Franke et al. (2007) also 
revealed high TEV for these foods with averages of 53.3 and 90.3 mg/kg respectively.  
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Table 11.3 Relative and cumulative change of TEV at each stage during 
processing of IN 
 
Flour Processing 
stage 
Relative TEV 
change 
Cumulative TEV change 
P-Farina Mixing  -50.9 -50.9 
Sheeting -19.5 -70.4 
Steaming -10.3 -80.7 
Frying +617.3 +536.6 
Crusty white Mixing  -79.5 -79.5 
Sheeting 0 -79.5 
Steaming -8.8 -88.3 
Frying +441.4 +353.1 
Bio-Fort Se Mixing  -28.9 -28.9 
Sheeting -7.2 -36.1 
Steaming -13.2 -49.3 
Frying +684.7 +635.4 
 
Notes 1 Total E vitamers (TEV) was calculated by summing the values found for each vitamer 
 2 Relative changes is expressed in relation to the TEV in the flour based on dry weight basis, 
with losses as negative % and gain as positive % 
 
 
An overview of vitamin E activity (α-TE) during the processing of IN of the three 
Australian flours is provided in Figure 11.21. The overall trend during the noodle 
processing is a decrease of vitamin E activity as the flour is subject to mixing, sheeting 
and steaming, and a significant increase in vitamin E activity (p < 0.05) in the fried 
noodles. The consumption of IN (typical serving size is 70g) prepared from the Bio-
Fortified flour, not only meet the daily requirement of vitamin E for adults in Australia, 
but also provide 30% and 43% of the AI for men and women respectively. The IN 
prepared from the white flours also contribute a substantial amount corresponding to at 
least 23% and 32% of the AI for men and women respectively, in Australia.  
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Figure 11.21 α-TE at different stages of processing of IN 
 Note Values are mean  sd, expressed on a dry weight basis 
 
 
11.5 General discussion of retention and stability of E vitamers during 
processing of Asian noodles 
 
The three primary types of Asian noodles were prepared in the laboratory, using three 
commercial Australian flours. The stability of E vitamers during the processing of these 
noodles were studied and the results showed: 
 
 All E vitamers are unstable during the processing stages of WSN, YAN and IN. 
 Mixing of flour had a major impact for all noodle styles with up to 79 percent loss 
of TEV. 
 Noodle pH appeared to be directly related to the amount of alkaline salt added and 
this in turn influenced the stability of the E vitamers. YAN had higher retention of E 
vitamers during the processing than WSN in the two white flours analysed, but this 
was and this was not observed for the wholemeal flour. 
 Cumulative losses of TEV in WSN were more than 80 percent for white flours and 
almost 50 percent for wholemeal flour; in YAN these were less than 80 percent for 
white flours and almost 50 percent for wholemeal flour. 
 For IN the cumulative losses of TEV were similar to those of white salted noodles, 
with more than 80 percent loss for white flours and almost 50 percent for wholemeal 
flour.   
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 In the processing of IN, losses of all vitamers were observed at each of the 
processing stages except the frying stage. A significant gain in tocopherols in the 
fried noodles were detected for all flour types of tocopherol. 
 The E vitamers identified in the frying oil (canola oil) were predominantly 
tocopherols. 
 At least a three-fold gain in TEV was seen in IN prepared from white flours and six-
fold for wholemeal flour. This paralleled the overall uptake of fat during the frying 
stage.  
 
The results also demonstrate that the acitivity of vitamin E (α-TE) remaining in the 
dried white salted and yellow alkaline noodles is quite low with less than 1μg/g and 
3μg/g detected in the noodles prepared from white flours and wholemeal flour 
respectively. On the contrary, the uptake of fat from the frying oil significantly 
increases the vitamin E activity of IN with up to 34μg/g α-TE. This reflects the 
relatively high levels of the various E vitamers in the oil used during the deep frying of 
the noodles in the case of the instant products. 
 
The bioaccessibility of vitamin E from foods has been shown to vary strongly 
confirming that the particular food matrix has a significant effect on bioavailability 
(Reboul et al., 2006). Bioaccessibility indicates the fraction of nutrient released from the 
food matrix that is available for absorption into the enterocytes. The bioacessibility of 
vitamin E from cereal products is known to be high, and in the study by Werner and 
Boehm (2011), pure durum wheat pastas have an average 70 percent bioaccessibility 
and Reboul et al. (2006) found 99% of α-T was accessible from white wheat bread. 
Therefore, it is highly likely that the consumption of IN can provide substantial amount 
of vitamin E, given that the frying oil is a good source of this group of nutrients.  
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Chapter 12 
 
General discussion and conclusions  
 
 
 
The purpose of this final chapter is to summarise the results obtained during the current 
study, draw final conclusions and recommend possible areas for further research. 
 
12.1 Major conclusions 
 
The final conclusions of this study are briefly summarised as follows: 
 
1. Microwave-assisted digestion followed by ICP-MS provides sensitive detection and 
reliable quantitation for total selenium analysis in cereal foods. The analysis of 
commercial Australian wheat flours showed that the content of selenium varied 
widely reflecting the soil selenium content or the agriculture practises including 
biofortification.  
 
2. Total selenium analysis of the three primary styles of Asian noodles prepared under 
controlled conditions in the laboratory demonstrated the stability and recovery of 
selenium during the processing conditions applied. The results for white salted and 
yellow alkaline noodles showed no significant losses of selenium during mixing, 
sheeting and drying stages. In the analysis of instant noodles with alternative steps 
of steaming and deep frying after sheeting, loss of total selenium was observed. 
However, when the substantial uptake of fat during deep frying was taken into 
account, there was no significant reduction in selenium content in the final product. 
These findings confirm the expectation that total selenium during noodle processing 
of white salted, yellow alkaline and instant noodles.  
 
3. For the determination of selenium species, enzymatic extraction with protease 
followed by separation with HPLC and quantitation with an ICP-MS detector 
enabled reliable analysis of wheat-based foods. The primary forms of selenium 
found in Australian wheat flours were selenocystine and selenomethione, which 
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known to have high bioavailability. The extractable selenium species in the three 
forms of Asian noodles were relatively stable during each stage of processing.  
 
4. For the analysis of E vitamers in cereal foods, RP- HPLC was investigated as it 
reduces the use of non-polar organic solvents and is thus a more environmentally 
friendly option. Another advance utilized in order to reduce the long run times in 
conventional separation approaches involved using a variant of HPLC known as 
UPLC, which required runtimes of only two minutes. The tocotrienols were not 
baseline separated and these were resolved using deconvolution by OriginPro 
software to quantitate the overlapped peaks.  
 
5. Regarding the stability of the various E vitamers during the processing of the three 
styles of Asian noodles, these were found to be unstable, with mixing stage 
exhibiting the highest losses of the vitamers. The high pH of yellow alkaline 
noodles increased the stability of the E vitamers in comparison to the white salted 
noodles for the white flours. It was found that the processing of instant noodles 
increased the vitamin E content of the products due to the uptake of E vitamers 
from the frying oil.  
 
6. Cereal grain foods are excellent sources of selenium and vitamin E. In combination, 
selenium and vitamin E can compensate the deficiency of each other and 
synergistically act against reactive oxygen species forming in the food. The active 
forms of selenium species are relatively stable in the food and processing systems 
studied here. The factors influencing the stability of the E vitamer group of 
antioxidant compounds during grain processing include exposure to oxygen during 
dough mixing, as well as steps involving heating. This results of this research 
contributes knowledge that has the potential not only to enhance product quality, 
but also the marketability of grains and human well-being. 
 
 
12.2 Possible areas for future research 
 
The current research project has been focussed upon the development of enhanced 
analytical approaches to the analysis of the species of selenium and the E vitamers in 
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flours and Asian noodles, along with the application of these to investigations into the 
retention and stability of these essential nutrients. There are a number of questions and 
areas that remain for future studies and these are outlined briefly here. 
In relation to the objective of the study of the stability of vitamin E during noodle 
making, new approaches to analysis were developed. The E vitamers (tocopherols and 
tocotrienols) were extracted using accelerated solvent extraction, freeze dried then 
analysed using reversed phase HPLC. The β and γ positional isomers were unresolved 
on the reversed phase systems and an additional aspect that warrants further study 
would be to develop separation that readily separates all forms and does so rapidly. 
 
From an analytical perspective, the separation and the detection procedures have utilised 
the most advanced technologies currently available. The use of deconvolution software 
has also extended the usefulness of RP-UPLC so that the safety and environmental 
advantages are exploited. As new innovations become available it may be possible to 
more completely separate the compounds studies here and it is hoped that even greater 
sensitivity can be achieved as new generations of instruments are developed. 
 
The results reported in this thesis regarding the enzymatic extraction for selenium 
speciation present a further opportunity to consider other enzymes. The use of a variety 
of proteolytic enzymes particularly including those associated with human digestion, 
may allow even higher recoveries of selenium species from an analytical perspective, 
whilst also contributing to our understanding of bioavailability that mimic the human 
digestive system. This use of an in vitro approach to digestion may further confirm the 
bioaccessibility of selenium and the species of selenium in cereal foods.  
 
In relation to the retention of the selenium species and E vitamers, this work has 
concentrated on Asian noodles. With the methods developed here, further useful work 
could involve a variety of other projects. Here noodles were processed up to the drying 
or deep fried stage, and the effects of preparation and cooking would be valuable to 
determine the nutrients that are available at the time of consumption. In addition, the 
influence of long-term storage of noodles may be considered since most of the 
processed noodles are stored for a period of time prior to consumption and this might 
particularly be expected to influence the E vitamers.  
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One of the findings of the current study that cannot be readily explained is the apparent 
difference in stability of E vitamers between the noodles having different pH values. 
The yellow alkaline noodles appeared to exhibit greater stability of the E vitamers than 
the white salted noodles. These findings warrant further investigation to clarify the 
factors and mechanism of the difference observed. 
 
The current research into the uptake of E vitamers during the deep frying stage of 
instant noodle processing could be extended by comparing the use of different oils. The 
use of palm oil is common in commercial practice and the use of various oils should 
include selected samples of palm oil. It would also be useful to compare the relative 
amounts of the E vitamers in a range of commercial products as those available in retail 
outlets around the world represent products varying in the classes, origins and genetic 
backgrounds of the wheat, as well as the periods of time elapsed from processing to sale 
and consumption. 
 
In the broader cereal grain foods area, it would also be useful to mill wheat and study 
the distribution of the micronutrient compounds in the various mill streams and 
resultant flours of different extraction rates. These studies could then be extended to the 
analyses of the profile of selenium species and E vitamers in relation to a variety of 
flour based foods including the processing stages in noodle making. Perhaps of greater 
interest would be similar studies in relation to bread-making, both for loaf and flat 
breads to enhance our understanding of the significance of wholemeal/wholegrain 
products. These studies may lead to a reassessment of our understanding of the 
adequacy of nutrient intakes and the impact of processing. 
 
Finally, and in conclusion, it is the sincere hope of the author that the research reported 
in this thesis will make a significant contribution to the enhanced nutrition and 
wellbeing of people around the world. May the work described here also provide a 
strong basis and added stimulus to further research into the challenging areas of cereal 
grains and their utilisation as foods for the support of the world’s increasing population. 
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